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Abstract 
Metaldehyde is the active ingredient in most forms of slug pellets used 
globally in the aid of pest prevention. High usage, physio chemical properties 
and removal difficulties all lead to metaldehyde presence in the aquatic 
environment, often above the EU Drinking Water Directive limit of 100 ng L-1 
for a single pesticide in drinking water. This presents a problem when such 
waters are abstracted for potable supplies. Understanding metaldehyde 
sources, transport and fate in river catchments is important in order to 
minimise its presence within drinking water supplies. This thesis documents 
the successful development and calibration of a new variant of the 
Chemcatcher® passive sampler for the monitoring of metaldehyde in surface 
waters. Sampler uptake rates were measured in a laboratory as well as In situ 
(15.7, 17.8 mL day-1) and both revealed a linear uptake with limited offloading 
and no lag phase.  
Two field trials using the Chemcatcher® were undertaken in the Greater 
Thames catchment, UK. Time-weighted average (TWA) concentrations of 
metaldehyde obtained using the Chemcatcher® were compared with 
concentrations measured in spot samples of water. The two techniques gave 
complimentary monitoring data, with the samplers being able to measure 
stochastic inputs of metaldehyde in surface waters. Chemcatcher® was able to 
detect large inputs of metaldehyde missed using infrequent spot sampling 
procedures due to constant sampling. A final field trial was undertaken in the 
Mimmshall Brook catchment (Hertfordshire, UK). TWA concentrations 
obtained were compared to concentrations measured at varying frequencies. 
The data collected by all techniques provided a concurring picture with low 
variability in terms of metaldehyde concentrations present in surface waters. 
The three targeted field trials highlight the potential value of using the 
Chemcatcher® passive sampler alongside spot water sampling to improve 
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monitoring of metaldehyde and hence facilitate a better understanding of this 
sporadic pollutant in river systems. 
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Chapter 1 Introduction 
This chapter introduces the overarching themes of this thesis and places the 
motivation for the work into context. Thereafter, a summary of the overall 
project is given, an overview of the thesis is given on a per-chapter basis. 
Finally, this chapter reviews the impact of metaldehyde on the environment. 
This includes information from a published paper with the addition of 
references published from 2017-18. This is the first time that metaldehyde has 
been reviewed in the environment. Part two of this chapter reviews the use of 
passive sampling devices for the monitoring of pollutants in water. The 
investigation served two purposes: firstly, to identify the environmental fate, 
concentrations, and impact of metaldehyde in surface waters (Section 1.6); 
and secondly, to establish the use of passive sampling devices for monitoring 
pollutants in water, namely the Chemcatcher® passive sampler and its 
introduction to monitoring metaldehyde (Section 1.7).  Finally, Section 1.8 
summarises the chapter and the rationale and goals defined for the 
investigation of the project are stated. 
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1.1 Background of the research 
Pollutants in water is an ever-growing problem within the world. As the 
number of pollutants found in water increases the monitoring of such 
pollutants becomes the responsibility of water companies and regulatory 
bodies.  Within the UK one of the major pollutants emerging in the aquatic 
environment is metaldehyde. This highly polar molluscicide is often found 
above the European Union Drinking Water Directive (DWD) prescribed 
concentration value (PCV) for a given pesticide in water which is set at 100 ng 
L-1. At present water companies are spending millions of pounds on the 
removal and monitoring of this pollutant from surface waters around the UK. 
1.2 Research problem 
Advances have been made to try to bridge the gap between the unreliable 
infrequent spot sample technique and the expensive on-line monitoring 
techniques used for the monitoring of metaldehyde in surface waters. 
However, no effective method has been documented to prove reliable and 
robust for the monitoring of fluxes of metaldehyde in surface waters.  
A new variant of the Chemcatcher® passive sampler developed at the 
University of Portsmouth has shown merit as a possible tool to bridge this 
gap. However, no previous data is available on the robustness and reliability 
of this method for the monitoring of fluxes of metaldehyde in surface waters 
in response to stochastic storm events. 
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1.3 Significance of the study 
The significance of this study is diverse as it makes several contributions to 
the existing body of knowledge (Table 1.2) as well as having several practical 
implications (Table 1.3). 
 
Table 1. 2 Theoretical implications of thesis. 
Theoretical implications 
1. Provides a comprehensive review of metaldehyde in the 
environment. 
2. Determines uptake rates of metaldehyde onto the Chemcatcher® 
passive sampler in both laboratory and in-situ media. 
3. Acts as proof of concept for Chemcatcher® passive sampler for 
the monitoring of metaldehyde. 
 
Table 1. 3 Practical implications of thesis. 
Practical implications 
1. Contributes to the development of catchment management 
strategies for the monitoring of metaldehyde. 
2. Provides a robust, reliable and extensive database for 
environmental models. 
In terms of practical implications, this thesis contributes to the overall 
development of the Chemcatcher® passive sampler and its use in monitoring 
metaldehyde in surface waters. 
1.4 Thesis structure 
The thesis comprises of five chapters, with this chapter serving as an 
introduction to the overall project, outlining the background, aims, objectives, 
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thesis structure and “state of the art” in the form of a two-part literature 
review. firstly, this section reviews metaldehyde within the environment as a 
published paper. This section introduces the problem metaldehyde is causing 
within the aquatic environment. Secondly, this section reviews the use of the 
Chemcatcher® passive sampler, introducing the theory of passive sampling 
and alternative sampling devices with the rationale behind the use of the 
Chemcatcher® for monitoring metaldehyde. 
Chapter 2 introduces the methodology used throughout the project for spot 
sampling, passive sampling and the analytical procedure used for measuring 
metaldehyde. In addition, this chapter describes the development of the 
passive sampling method through calibration experiments to determine 
uptake and off-loading of metaldehyde from the sampler. Finally, the 
Chemcatcher® is evaluated as a complementary tool to weekly spot sampling 
for monitoring metaldehyde at three riverine locations in the greater River 
Thames catchment during the autumn season (metaldehyde season) through 
the pilot study. Following the success of the pilot study, Chapter 3 continues 
the field evaluation of the Chemcatcher® through the monitoring of 
metaldehyde in surface waters within the Thames Water catchment over a 
year using two monitoring techniques. 
Chapter 4 compares the use of the Chemcatcher® passive sampler with 
alternative techniques such as varying spot sample frequencies and on-line 
sampling techniques. This chapter focuses on the robustness of the device and 
compares its reliability with real-time analysis. 
Chapter 5 concludes the findings of this project and highlights areas where 
future work is needed to further develop the Chemcatcher® passive sampler 
as a robust and reliable tool for monitoring metaldehyde in surface waters. 
This chapter also discuss the limitations to the methods and the ongoing work 
involved with the monitoring of metaldehyde. Finally, this chapter will 
present the contributions to knowledge that this project has achieved. 
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1.5 Review of the molluscicide metaldehyde in the 
environment 
Metaldehyde is the active ingredient, typically at 1.5, 3.0 or 4.0% by 
weight, in 80% of slug pellets used globally. It has been used as a 
molluscicide since the early 1940's. Metaldehyde is manufactured by 
Lonza as Meta® metaldehyde. This active ingredient is then formulated 
by a number of suppliers (e.g. Certis or De Sangosse) (Bieri, 2003; FERA, 
2018; PPDB, 2018) into granular bait pellets available under a range of 
trade names (e.g. Cekumeta®, Deadline®, Hardy®, Metarex® and 
Metason®) (Zhang et al., 2011a). In Europe, metaldehyde slug pellets are 
manufactured  at three plants in the UK, four in France, two in Italy and 
in Germany, and one in Spain and Switzerland. Metaldehyde is 
classified as a ‘moderately hazardous' pesticide (class II) by the World 
Health Organization (World Health Organisation, 2010) and a ‘restricted 
use pesticide’ by the United States Environmental Protection Agency. 
(Environmental Protection Agency, 2006) 
Metaldehyde is not phytotoxic and is used by arable farmers to protect 
crops such as cereals, oilseed rape, and potatoes. The effective control of 
molluscs is a serious concern, as, without the use of such a pesticide, 
there would be high losses of valuable crop products, together with 
associated economic consequences (Nicholls, 2014). In the UK it has been 
estimated that a lack of effective slug control products could cost up to 
£100 million a year in lost production (Nicholls, 2014). 
 Approximately 1640 t of metaldehyde were used in Great Britain 
between 2008 and 2014 (FERA, 2018). Metaldehyde is generally applied 
to land in the autumn and winter months when molluscs thrive in the 
wet weather conditions (Green, D. B., & British Crop Production 
Council, 1996). 
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Due to the physico-chemical properties of metaldehyde, it is highly 
mobile in soil, and hence once applied, it can runoff under wet 
conditions into field drains, gullies and surface waters. There is no 
designated substance-specific concentration limit set for metaldehyde in 
surface or drinking waters. Concentrations of metaldehyde in water 
bodies in the UK have frequently exceeded the European Union's 
regulatory drinking water standard for an individual pesticide (100 ng 
L−1 and 500 ng L−1 for total pesticides present) during periods when slug 
pellets are applied (Kay & Grayson 2014). This has become a major issue 
for water companies in the UK and elsewhere when such surface waters 
are used subsequently as potable supplies. Furthermore, the high 
polarity of metaldehyde makes it difficult to remove using conventional 
(e.g. granular activated carbon (GAC)) drinking water treatment 
processes (Busquets et al., 2014), consequently; metaldehyde is now 
considered an emerging pollutant of concern (Stuart et al., 2012) and 
there is interest in understanding its transport and fate in the 
environment. This is evidenced by the increase in the number of 
scientific publications related to metaldehyde, with eighty-five papers 
published since 2013 (Figure. 1.1). 
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Figure 1. 1 Number of scientific papers published on metaldehyde from 
1935 to early 2018 (Scopus, 2018). 
1.5.1 Properties and toxicity of metaldehyde  
Metaldehyde is a solid, synthetic, non-chiral aldehyde with the chemical 
formula of C8H16O4 and was first discovered by von Liebig in 1835 (Bieri, 
2003). Metaldehyde is a dry alcohol, obtained via the process of treating 
acetaldehyde with an acid catalyst, such as hydrogen bromide. It is a cyclic 
tetramer of acetaldehyde and is classified as a highly polar organic 
compound. It degrades to acetaldehyde, and thereafter into water and carbon 
dioxide. Metaldehyde is soluble and relatively stable in water (Table 1.4). 
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Table 1. 4 Chemical structure and physico-chemical properties of 
metaldehyde. 
 (Doria et al.,2013: Wickstrom, 1990; Kegley et al., 2011; PPDB, 2018) 
The mode of action of metaldehyde is as follows. Once ingested it is rapidly 
hydrolysed to acetaldehyde, this causes the mollusc to produce excess mucus, 
dehydrate and ultimately die (Triebskorn et al., 1998). Metaldehyde is a 
poison to most organisms that ingest it, either directly or from consuming 
poisoned prey. In mammals, metaldehyde is an irritant to the skin, eyes, 
mucous membranes, throat and respiratory tract (Extension Toxicology 
Network, 1993). Acute exposure generally results in excitation or depression 
of the central nervous system and is associated with symptoms such as an 
inability to stand, changes in respiratory rate, excessive sweating, salivation, 
blindness, seizures or death (Gupta, 2012). Following exposure, cellular 
changes in the liver and kidneys have also been reported (Gupta, 2012). These 
symptoms of poisoning are thought to be caused by the metaldehyde 
molecule itself rather than its break down product, acetaldehyde (Booze & 
Oehme, 1985). The oral LD50 of metaldehyde is species dependent, as shown 
in table 1.5 below. 
Structure   
Molar mass  176.21 g mol-1  
CAS number 108-62-3 
IUPAC name r-2,c-4,c-6,c-8-Tetramethyl-1,3,5,7-
Tetroxocane 
Boiling point 112 to 115 °C 
Water solubility 0.188 g L-1 at 20°C 
Vapour pressure 0.66 mmHg at 25°C 
Flash point 36 to 40 °C 
Density 1.27 g cm-3 
Log octanol/water partition coefficient 
(KOW) 
0.12 
Organic-carbon/water partition coefficient 
(KOC) 
1.53–2.38  
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Table 1. 5 List of species and their respective LD50 for metaldehyde. 
Species LD50   Comments References 
Human (estimated) 
400 mg kg−1   
Minor effects observed at 
several mg kg−1 more 
severe effects above 100 mg 
kg−1 
(Ellenhorn et al. 1997; 
Thompson et al. 1995) 
Dogs (estimated) 
207 – 500 
mg kg−1   
Ingestion causes seizures 
and convulsions in 
combination with a fever. 
Successful treatment using 
lipid emulsion. 
(Buhl et al., 2013; Dolder, 
2003; Nolte, 2012; Roma et 
al., 2017; Chilla et al., 2010; 
Richardson et al., 2003; 
Zimmermann et al., 2010; 
Gupta, 2012; Lelescu et al. 
2018) 
Cattle 400–500 mg 
kg−1 
- (Stubbings et al., 1976 and 
Valentine et al., 2007) 
Horses 300–400 mg 
kg−1 
- (Gupta, 2012) 
Earthworms - High concentrations show 
no effects on mortality, 
growth or feeding rate. 
(Edwards et al. 2009 and 
Langan & Shaw 2006) 
Pond snail - Chronic effects on embryo 
exposure at high mg L-1 
concentrations  
(Hallett et al., 2016) 
Pacific 
Oysters 
- 0.1 μg L−1 (sea water) 
Negative effects on 
immune system observed. 
Increasing risk from 
infectious agents. 
(Moreau et al., 2015) 
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1.5.2 Environmental behaviour and fate of metaldehyde 
In the UK, the agricultural use of metaldehyde as a molluscicide has risen 
sharply since 1990, peaking over 2008 to 2009 (FERA, 2018). This may, in part, 
be as a consequence of the banning of stubble burning in 1993. (DEFRA, 2012) 
Stubble burning was traditionally used to kill snails and slugs and other pests 
and weeds once crops were harvested. Additionally, other factors such as 
changes to the crops being grown e.g. an increase in coverage of oil seed rape 
and changes in weather patterns have also contributed to increased usage. 
Typically, metaldehyde containing pellets are applied to land using a 
spinning disc applicator. The application is dependent on the percentage of 
molluscicide present in the pellet. Guidelines for the loading per hectare in 
the UK are available from the Metaldehyde Stewardship Group (a consortium 
comprising Certis Europe, Chiltern Farm Chemicals Ltd., De Sangosse Ltd., 
Doff Portland Ltd., Frunol Delicia GmbH, Lonza AG, Makhteshim- Agan 
(UK) Ltd., SBM Development) (“MSG stewardship guidelines,” 2018. The 
maximum application rate is set as 210 g metaldehyde as an active substance 
(a.s.) per ha. However, for the additional protection of water courses, a 
reduced rate of 160 g a.s. per ha is recommended and a maximum yearly 
application of 700 g of metaldehyde to be applied per ha per year. 
Alternatively, if applying 4%, 3% or 1.5% metaldehyde pellets to crops, the 
MSG Guidelines suggest the spread should be 5, 7 and 7.5 kg ha−1 
respectively and 4, 5 and 7.5 kg ha−1 near water courses (Fogg, 2009; “MSG 
stewardship guidelines,” 2018). 
When applied to land, metaldehyde degrades in soil to acetaldehyde and then 
CO2 and water, with a reported half-life varying between 3.17–223 days 
depending on environmental conditions (Kay & Grayson, 2014; Ma et al., 
2012). Due to its low organic-carbon/water partition coefficient (Koc) (Table 
1.4) metaldehyde moves in soil easily and hence is found frequently in the 
aquatic environment. Its movement in soil was studied by Zhang & Dai (2006) 
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they showed that following spiking with metaldehyde (1 mg kg−1), adsorption 
to soil was highest 4 days after application reducing slowly thereafter. After 
21 days the concentration of metaldehyde was reduced significantly ∼0.04 mg 
kg−1. In addition to movement through soils and leaching from the land 
surface to ground water (Stuart et al., 2012), or more likely entering field 
drainage systems, metaldehyde can also enter water bodies directly by the 
inadvertent spreading of pellets into watercourses. This includes point 
sources such as spills onto hard surfaces that are eventually washed into 
drains and surface run-off from fields following heavy periods of rainfall. 
Research by the MSG has shown that metaldehyde pellets are readily washed 
into surface waters after storm events (Kay et al., 2014). Once in water, 
metaldehyde becomes more persistent as degradation is slowed, hence the 
compound has some semi persistence in the aquatic environment (Bieri, 2003). 
Plants can take up metaldehyde, although a study showed in cabbages 
(exposed to concentrations of 17.4–68 mg kg−1) (Environmental Protection 
Agency, 2006) it was rapidly degraded to undetectable concentrations within 
12 days (Simms et al., 2006; Zhang et al., 2011a). Simms et al. (2006) 
investigated factors leading to uptake of metaldehyde into oilseed rape and 
wheat. Results showed that once seedlings had emerged metaldehyde was 
taken up by roots and transported within the plant tissue.    
1.5.3 Environmental concentrations of metaldehyde 
Recent improvements in analytical techniques have allowed metaldehyde to 
be detected readily in river catchments (Gillman et al., 2012). Metaldehyde 
was first detected in surface water in the UK in 2007 and subsequently has 
been identified intermittently in some rivers (particularly those that run 
through intensively farmed arable land) and reservoirs at concentrations that 
exceeded the EU Drinking Water Directive value of 100 ng L−1 for any 
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pesticide (Davey et al., 2014; Council Directive, 1998). A major concern is 
where such surface water bodies are used as supplies for potable water. In 
order to mitigate this problem of deteriorating water quality, field level scale 
pesticide risk maps (1 km grid resolution as digital image files) have been 
produced for the UK. These are used to identify areas at a high risk (Anthony 
et al., 2015). This information has been used to identify and establish Drinking 
Water Protected Areas (DrWPAs). In England (2014), over one hundred 
DrWPAs were identified as being ‘at risk’ due to pesticide contamination 
exceeding the EU Drinking Water Directive limit in raw water (Martineau et 
al., 2014). Metaldehyde is the most significant active substance, causing a 
compliance risk in 102 (21%) of these DrWPAs. At these sites deemed to be ‘at 
risk’ of being polluted, safeguard zones (together with associated action 
plans) in the upstream parts of the river catchment are then established. There 
are 118 safeguard zones in place in England due to pesticide pressures. Of 
these, there are 96 in place for surface water and 22 for groundwater (Clarke, 
2015). Similar action plans are in place for other parts of the UK. Although the 
agricultural usage of metaldehyde in continental Europe is generally higher 
than in the UK, most of these countries rely on the use of ground rather than 
surface water for their potable supplies. 
These issues led to pressure from regulators and water companies, on the 
manufacturers of such molluscicides, to identify ways of reducing their 
overall environmental impact. The industry-led MSG, based in the UK, 
started a campaign called ‘Get Pelletwise’(http://www.getpelletwise.co.uk/). 
This educational initiative was directed at large-scale users of slug pellets and 
aimed to try and prevent or minimize the movement of metaldehyde to water 
sources. The ‘Get Pelletwise’ campaign developed the best practice guidelines 
when using metaldehyde, covering issues including dosage rates per hectare, 
maximum application rates, no application within 6 m of a watercourse, no 
application when heavy rain or winds were forecast and no application, if 
there was flow in field, drains (“MSG stewardship guidelines,” 2018. Other 
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factors relating to field topography (e.g. slope, soil type and drainage) 
affecting the movement of metaldehyde through the soil profile also need to 
be considered. MSG in association with the Environment Agency (England 
and Wales) also developed an information tool for farmers called ‘What's in 
your backyard?’ (http://apps.environmentagency.gov.uk/wiyby/). This is a 
geographical mapping application showing areas in the UK at high-risk of 
potential contamination by metaldehyde as well as other agricultural 
pollutants. It was hoped by use of this tool a reduction in overall usage of 
metaldehyde could be achieved (“MSG stewardship guidelines,” 2018.  
Despite these various campaigns, metaldehyde continues to be found in 
surface and potable waters. For example, in the River Thames, concentrations 
of metaldehyde as high as 8.0 μg L−1 were found during late August to 
October, 2012; months often associated with heavy rainfall (Henehan, 2016). 
The maximum concentration of metaldehyde found in treated drinking water 
was ∼1.03 μg L−1; detected in the UK in November 2007 and December 2008. 
(Water UK, 2017). This concentration does not present an immediate human 
health risk as it is below the acceptable daily intake (0.02 mg metaldehyde per 
kg body weight) (Water UK, 2017). However, these values are still above the 
prescribed concentration value of 0.1 μg L−1 for any pesticide in drinking 
water, set by the Drinking Water Directive prohibiting the abstraction and 
distribution of such waters. More recently concentrations of metaldehyde 
found in the environment have tended to be lower as the introduction of the 
MSG guidelines has reduced its overall input to water. However, 
metaldehyde can still be detected regularly above 0.1 μg L−1. 
A study undertaken by Kay et al. (2014) assessed UK water quality data over a 
two-and-a-half-year period (2008–2011) for concentrations of metaldehyde in 
surface and potable water. Importantly their study showed that pollution by 
metaldehyde was not correlated with soil type, slope or crops grown. 
Furthermore, the measured concentration of metaldehyde in water sampled 
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downstream of the water treatment works showed no significant difference 
with the concentrations found entering the works, thus highlighting the 
ineffectiveness of conventional techniques for the removal of metaldehyde 
from water. Due to its semi-persistence in the aquatic environment, 
metaldehyde remains a concern with respect to drinking water quality, 
adding to the pressure on water companies and environmental agencies to 
monitor this pesticide effectively in river catchments and at point sources. 
1.5.4 Analytical techniques for measuring metaldehyde  
With the regular detection of metaldehyde in surface and potable waters there 
has been a focused effort to develop suitable monitoring and sensitive, 
quantitative analytical techniques for measuring this pesticide at low 
concentrations in a range of environmental matrices (Davey et al., 2014; 
Dillon, et al., 2011). Typically, instrumental techniques, such as gas 
chromatography (GC) coupled with mass spectrometry (MS) and liquid 
chromatography (LC) coupled with a triple quadrupole mass spectrometry 
(MS/MS) are used. These are often used in conjunction with isolation and 
pre-concentration techniques such as solid phase extraction (SPE). Some 
newer methods permit low limits of quantification (<1.0 ng L−1) for 
metaldehyde (Li et al., 2010a; Zhang et al., 2011a).  
Gas chromatography methods 
Early work used GC to detect metaldehyde in a range of matrices after its 
conversion to acetaldehyde (Paolo & Renzo, 1983) or by using derivatisation 
techniques (Iwata et al., 1982; Selim & Seiber, 1973). More recently, GC/MS 
has proved popular for the analysis of metaldehyde, being a robust and 
relatively simple methodology (Jones & Charlton, 1999; Saito et al., 2008) Most 
workers use similar GC conditions with a non-polar column such as DB5-MS 
(Environment Agency, 2009). Typically, metaldehyde has a short retention 
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time (typically ≲8 min) on this stationary phase. High oven temperatures of 
up to 300 °C are needed to elute all the analytes that can be present, as dimers 
of metaldehyde and acetaldehyde can be formed in analysis and these bond 
more strongly to the non-polar stationary phase (Environment Agency, 2009). 
Table 1.6 summarises some GC methods that have been used to measure 
metaldehyde in water. Highly specific, gas chromatography triple quadrupole 
mass spectrometry (GC/MS/MS) instruments have been used to analyse 
metaldehyde. ALS Environmental (2015) compared the results obtained from 
GC/MS and GC/MS/MS techniques for the analysis of metaldehyde in 
water. Generally, measurements obtained using the two approaches were in 
good agreement, however, GC/MS/MS showed a higher degree of 
compound specificity (ALS Environmental, 2015). 
As water cannot be injected directly into a GC column, aqueous samples 
require pre-concentration prior to instrumental analysis. This adds extra cost 
and is time consuming. However, pre-treatment steps allow lower limits of 
detection to be reached since 250–1000 mL water samples can be extracted 
into a few mL of elution solvent. Often techniques such as liquid/liquid 
extraction or SPE with different sorbents are used for this purpose; some 
examples for the pre-concentration of metaldehyde in water are given in 
Table 1.7 (Environment Agency, 2009). 
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Table 1. 6 Examples of gas chromatographic methods used for the 
analysis of metaldehyde in water. 
GC column Carrier 
gas 
Injection 
temp 
(°C) 
Injection 
volume 
(µL) 
Purge 
flow 
(mL 
min-1)  
Purge 
time 
(min) 
Retention 
time 
(min) 
Limit of 
detection 
(ng L-1) 
HP-5MS, 30 
m × 0.25 mm 
diameter, 0.25 
µm film 
thickness1 
helium,    
30 mL s-
1 
300 1  50  1  6.3  5  
DB5-MS, 30 
m × 0.25 mm 
diameter, 0.25 
µm film 
thickness1 
helium,     
2 mL 
min-1 
250 2  50  2  6  3  
DB5-MS, 30 
m × 0.25 mm 
diameter, 0.25 
µm film 
thickness1 
helium,     
1.5 mL 
min-1 
250 1  50 2  6 6 
HP-5MS, 30 
m × 0.25 mm 
diameter, 0.25 
µm film 
thickness1 
helium,     
1 mL 
min-1 
63 1 _ _ 7 4 
DB5-MS, 30 
m × 0.25 mm 
diameter, 0.25 
µm film 
helium,    
2 mL 
min-1 
270 2 50 2  6.5 4 
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thickness1 
SPB™-5, 30 m 
× 0.53 mm 
diameter, 0.5 
μm film 
thickness2 
helium           
5 mL 
min-1 
100 _ 30 _ _ _ 
HP-5MS, 30 
m × 0.25 mm 
diameter, 0.25 
µm film 
thickness3 
1 mL 
min-1 
35 1 _ _ _ _ 
1 - (Environment Agency, 2009) 2 – (Tao & Fletcher, 2013) 3 – (Nabeerasool et al., 2015) 
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Table 1. 7 Examples of solid-phase extraction techniques used to extract 
metaldehyde from water prior to gas chromatographic analysis. 
 (Environment Agency, 2009) 
 
SPE 
cartridge  
Conditioning 
solvent 
Sample 
volume 
Elution solvent Evaporation 
step 
Internal 
standard 
BakerBond™ 
SDB1 200 mg 
(3 mL) 
10 mL methanol 250 mL 2 x 1 mL 
dichloromethane 
To 0.5 mL 5 µL 1,4-
dichlorobenzene-
d4 
Strata-X      
200 mg (3 
mL) 
2 x 2 mL 
methanol 
250 mL 0.4 mL ethyl 
acetate:acetone 
50/50 % (v/v), 
then add  
1 mL iso-octane 
N/A 50 µL 1,4-
dichlorobenzene-
d4 
Isolute® 
ENV+ 200 
mg (3 mL) 
3 mL methanol + 
3 mL buffer 
solution (5.420 g 
potassium 
dihydrogen 
phosphate + 
7.772 g disodium 
hydrogen 
phosphate in 2 L 
water) 
1 L + 25 
mL 
buffer 
solution 
2 x 1 mL ethyl 
acetate 
N/A 100 µL 1,4-
dichlorobenzene 
Strata-X      
200 mg (3 
mL) 
3 mL 2,2,4-
trimethylpentane 
+ 3 mL 
acetone:ethyl 
acetate 50/50 % 
(v/v) 
100 mL 
 
 
 
3 mL 
acetone:ethyl 
acetate 50/50 % 
(v/v) (soak for 1 
min before 
elution), then 
add 3 mL  
2,2,4 
trimethylpentane 
(allow to soak 
for 1 min before 
elution) 
Post 
internal 
standard to 
200 µL 
50 µL 1,3,5-
trichlorobenzene-
d3 
Strata-X      
200 mg (6 
mL) 
5 mL 
dichloromethane  
500 mL  2 x 2 mL 
dichloromethane  
each left for 5 
min before 
eluted 
Post 
internal 
standard to 
0.5 mL 
using 
nitrogen 
50 µL 1,4-
dichlorobenzene-
d4 
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Liquid chromatography methods 
Use of LC/MS methods can overcome many of the drawbacks associated with 
using GC. LC/MS is now the method of choice for most end-users. Although 
LC/MS instruments are more expensive to purchase initially, they can 
measure simultaneously a wide range (>100 compounds) of polar pesticides 
in water and other environmental matrices at low limits of detection (Alder et 
al., 2006). Table 1.8 shows some of the LC/MS methods used to measure 
metaldehyde in environmental matrices. Most methods use triple quadrupole 
(LC/MS/MS) detection systems or more recently time of flight mass 
spectrometry (ALS Environmental, 2017) to allow for greater analyte 
specificity. Generally, the separation methods rely on reverse-phase 
interactions using a non-polar stationary phase in combination with a polar 
mobile phase e.g. aqueous mixtures of acetonitrile or methanol (Zhang et al., 
2011b). Usually the mobile phase contains a buffer such as ammonium 
acetate/formic acid (Autin et al., 2013b), but this can lead to the formation of 
multiple adduct ions (e.g. [M + H]+, [M + Na]+, [M + NH4]+, [M + K]+), 
thereby decreasing analytical sensitivity. Schumacher et al. (2016) overcame 
this problem by using an alkyl-ammonium buffer (methylamine) as the 
mobile phase additive, thus suppressing the formation of unwanted alkali 
adducts and dimers of metaldehyde leading to an improved detection limit. 
Modern instruments are now highly sensitive (∼low ng L−1 detection limits) 
and enable metaldehyde to be quantified by direct injection of environmental 
water samples. 
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Table 1. 8 Examples of liquid chromatography based-methods used for 
the analysis of metaldehyde in different matrices. 
Matrix LC conditions Column 
flow rate 
(mL min-1) 
Detector LoD  
(ng L-
1) 
LoQ  
(ng L-
1) 
Reference 
Water Agilent1260 
Infinity system. 
Atlantis T3 C18 
column. Mobile 
phase:  Water, 
methylamine, 
acetic acid, 
acetonitrile. 
0.3  Agilent 
6460 
MS/MS 
2.0 
(tap) 
9.0 
(river) 
4.0 
(tap) 
20.0 
(river) 
Schumacher 
et al. (2016) 
Water Waters 2695 
system. Mobile 
phase: Water, 
ammonium 
acetate, formic 
acid, acetonitrile. 
0.2 Waters 
Quattro 
Premier Xe 
MS/MS 
500 - Jefferson et 
al. (2016) 
Water Agilent system. 
Phenomenex 
Kinetex Phenyl-
Hexyl column. 
Mobile phase: 
Water, formic 
acid, ammonia, 
acetonitrile. 
0.35 Agilent 
6410 
MS/MS 
- - Semitsoglou-
Tsiapou et al. 
(2016) 
Water Agilent 1100 
system. Ascentis 
express fused core 
C18 column. 
Mobile phase: 
Water, methanol. 
0.25 Bruker 
Daltonik 
HCT 
Esquire ion 
trap  
50 - Busquets et 
al. (2014) 
Water Waters 2695 
system. Mobile 
phase: Water, 
ammonium 
acetate, formic 
acid, acetonitrile. 
0.2 Waters 
Quattro 
Premier Xe 
MS/MS 
- - Autin et al. 
(2013b)
  
Water Waters Acquity 
system. Acquity 
0.2 Waters 
Xevo TQ 
3.0 10.0 Li et al. 
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BHE C18 column. 
Mobile phase: 
Water, 
ammonium 
acetate, methanol. 
MS/MS (2010a) 
Vegetables Agilent 1200 
system. Zorbax 
C18 column. 
Mobile phase: 
Water, 
acetonitrile. 
0.3 Agilent 
6410 
MS/MS 
100.0 200.0 Zhang et al. 
(2011a) 
Animal 
stomach/ 
intestinal 
contents 
Spherisorb ODS-2 
column. Mobile 
phase: Water, 
methanol. 
0.8 Shimadzu 
RF-535 
fluorimeter. 
Excitation λ 
= 380 nm, 
emission λ  
= 450 nm 
  Brown et al. 
(1996) 
(Autin et al., 2013b; Brown et al., 1996; Busquets et al., 2014; Jefferson et al., 
2016; Li et al., 2010a; Schumacher et al., 2016; Semitsoglou-Tsiapou et al., 2016; 
Zhang et al., 2011b) 
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1.5.5  Monitoring of metaldehyde 
Monitoring strategies 
The prescribed concentration value (PCV) for metaldehyde at drinking water 
capitation sites is often exceeded in the UK and is now a major problem for 
water supply companies. This led to the establishment of river catchment 
monitoring programmes for this pollutant, and initiatives to convince the 
major users of this pesticide to reduce its use in their agricultural practices. 
These include guidance in the voluntary initiative – Promoting responsible 
pesticide use, (“The Voluntary Initiative,” 2013) catchment sensitive farming 
(“Catchment Sensitive Farming,” 2014) and the MSG (“MSG stewardship 
guidelines,” 2018) who have promoted best practice in the application of 
metaldehyde. However, the degree of voluntary action available to the 
agricultural sector is constrained by both practical factors and financial 
considerations. These aspects together with their impacts on European 
regulatory considerations are discussed further by Dolan et al. (2014a) and 
Dolan et al. (2014b). 
Metaldehyde is usually monitored in water by the use of low volume (250 mL 
- 5 L) spot (bottle or grab) sampling with subsequent analysis in the 
laboratory by GC/MS or LC/MS methods. As the concentration of 
metaldehyde in surface water can fluctuate over time the use of infrequent 
spot sampling (typically collected weekly or monthly) is often an ineffective 
monitoring technique. This has been demonstrated by Rabiet et al. (2010) who 
showed that infrequent spot sampling largely underestimated pesticide 
concentrations and fluxes during storm events in a catchment. This finding 
agrees with the earlier work of Louchart et al. (2001) and Chen et al. (2005) 
investigating loads and fluxes of pesticides during high flow events. 
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To overcome these issues associated with diffuse pollution events and to 
further understand the fate and movement of chemicals in water, more 
complex, high frequency, monitoring tools are required. Automated water 
collection devices (e.g. ISCO – http://www.teledyneisco.com) capable of 
collecting a series of water samples at prescribed time intervals (e.g. hourly or 
daily) can be used for this purpose. Such samplers can be triggered remotely 
to collect water during a high flow storm-type event. This approach to 
monitoring is expensive in terms of the capital cost of the equipment (Davey 
et al., 2014). In addition the number of samples generated during a monitoring 
campaign can add to laboratory operating costs. An alternative is the use of 
on-line or in situ methods. 
On-line and in situ methods 
GC or LC instruments coupled to various detectors have been used at surface 
water sites so as to provide a rapid means for the analysis of pesticides 
(Lacorte et al., 1998; Van Hout & Brinkman, 1994). Here instruments are 
connected on-line and may be used in combination with directly coupled 
sample preparation techniques. Additionally, the data generated can be 
transmitted telemetrically to a remote-control centre to facilitate management 
decisions, e.g. for stopping the abstraction of water into a treatment works. 
Such an on-line GC/MS system is currently being trialed by Affinity Water, 
UK for monitoring metaldehyde (“Water and Wastewater Treatment,” 2017). 
Recently a novel reactive paper spray mass spectrometry method has been 
used to measure metaldehyde in water with a limit of detection of 100 ng L−1 
without any pre-concentration or separation steps (Maher et al., 2016). The 
technique has potential in the future to be coupled with a miniature mass 
spectrometer to allow the on-site monitoring of metaldehyde and other 
pesticides of concern. 
An alternative on-line approach for measuring metaldehyde in water has 
been described. The Lonestar™ portable analyser, (Owlstone) uses a field 
 50 
 
Asymmetric Ion Mobility Spectrometry (FAIMS) as the detection system 
(limit of detection, 100 ng L−1). This device is used for on-site detection in 
locations such as water reservoirs. A spot sample of water is taken directly in 
the field and mixed with nitric acid to break down the metaldehyde tetramer 
into four molecules of acetaldehyde, which are subsequently measured. 
Analysis time is typically 15 min. Data can be visually presented as a series of 
trigger or alarm values depending on the concentration of metaldehyde 
measured (<100 ng L−1 = green, 100 > 500 ng L−1 = amber and >500 ng L−1 = 
red). To our knowledge, there have been no published field studies using the 
Lonestar™ analyser. This portable system has potential in the future for use 
as an on-line continuous monitoring system that could transmit an alarm if 
the concentration of metaldehyde exceeds a specified threshold value. 
Alternatives for future application could be the development of simple, rapid 
dip or stick tests to rapidly semi-quantify metaldehyde in water. 
Passive sampling devices are an in situ monitoring method. These devices 
have been used extensively to measure a wide range of pollutants in the 
aquatic environment. (Greenwood et al., 2007) Samplers can be deployed in 
the field for extended periods (from days to months) where they continually 
sequester compounds. Once calibrated, in the laboratory or in the field, they 
permit the estimation of time-weighted average concentrations of substances 
over the deployment period (Mills et al., 2014). Several different designs of 
sampler are available for monitoring polar pollutants such as metaldehyde, 
including: Polar Organic Chemical Integrative Sampler (POCIS) (Alvarez et 
al., 2004; Van Metre et al., 2017), Chemcatcher® (Kingston et al., 2000) and 
Diffusive Gradients in Thin-films (DGT) (Challis et al 2016). A variant of the 
Chemcatcher® using a HLB (Horizon Atlantic 47 mm disk) receiving phase 
overlaid with a polyethersulfone diffusion limiting membrane has been 
shown to sequester metaldehyde in surface waters. Uptake of metaldehyde 
(expressed as volume of water cleared per unit time, ∼16 mL per day) was 
found to be linear for over 14 days both in laboratory and in-field calibration 
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experiments. Discussed in Chapter 3 The performance of this device for 
investigating the sources and fluxes of metaldehyde is presently being 
evaluated alongside routine spot sampling procedures at a number of river 
catchments in the UK, (Castle, 2016) discussed in Chapters two, three and 
four.  
1.5.6 Remediation strategies for metaldehyde 
Removal techniques 
Due to its high polarity metaldehyde dissolves readily in water (solubility of 
∼200 mg L−1 at 17 °C) and is considered semi-persistent in the aquatic 
environment (World Health Organisation, 1996). This property makes 
metaldehyde recalcitrant to removal using conventional drinking water 
treatment processes that are based on adsorption of substances to GAC or 
powdered activated carbon (PAC) materials. Both materials require differing 
carbon bed volumes and contact times and have different break through 
capacities. Using GAC to remove metaldehyde is problematic; firstly, due to 
competitive adsorptive binding by dissolved organic carbon and with other 
polar pesticides that may also be present in the environmental waters and 
secondly, due to desorption under certain operational conditions, such as a 
significant decrease in its influent concentration. Furthermore, the percentage 
removed is also a function of the concentration of metaldehyde present. Tests 
showed that water bodies with higher concentrations of metaldehyde can 
give relative removal efficiencies of up to 90% using GAC. This, however, 
decreases at lower values e.g. 30–50% removal at 0.5 μg L−1 and significantly 
less removal at lower concentrations ∼0.2 μg L−1 (Dillon et al., 2011). Data 
from Kay & Grayson (2014) suggested, that at typical environmental 
concentrations, such conventional water treatment processes have marginal 
or no effect on reducing metaldehyde found at the inlet and outlet of the 
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works. Removing metaldehyde from water using GAC techniques also 
shortens the functional lifetime of the bed, which then requires expensive 
regeneration or disposal. Due to the increased need to remove metaldehyde 
from potable supplies in many areas of the UK, this in the short-term, has 
placed significant demands on the limited operational capacity of the 
available regeneration plants. Increasing this capacity over the longer term 
will be expensive, with new facilities expected to cost ∼ £30–44 million (Dillon 
et al., 2011). Continual removal of used material and its replacement with 
freshly activated carbon is an alternative process, but this is very expensive to 
operate. These issues have led to the development of alternative clean-up 
techniques. These include ‘designer’ materials such as tailored phenolic-based 
carbons (Busquets et al., 2014) or nano-sized zinc composites, 12 biologically 
active sand filters (Rolph et al., 2014) and more sophisticated clean-up 
methods (e.g. ultra-violet (UV) oxidation combined with hydrogen peroxide 
(H2O2) treatment) (Autin et al., 2012) for the effective removal of metaldehyde 
(Table 1.9). Although standalone catalytic and electrochemical approaches are 
useful, the most widely used removal methods are based on UV advanced 
oxidation, often combined with another technique. Several different types of 
oxidation processes have been tested, such as UV/H2O2, UV/TiO2 and UV 
emitting diodes, (Autin et al., 2012; 2013a; 2013b) all with different 
performance characteristics. In pilot scale studies high removal efficiencies in 
excess of 90% are now achievable for metaldehyde. A recent study by 
Semitsoglou-Tsiapou et al. (2016) investigated the degradation kinetics for 
metaldehyde and the reaction products formed when using low pressure 
UV/H2O2 advanced oxidation processes. Their results showed that 
metaldehyde is effectively degraded, undergoing hydroxylation to ultimately 
yield, relatively benign, acetic acid as the major reaction end product. 
However, all these processes have high energy demands, predicted to be 
typically fifty times that of water disinfection processes. Use of light emitting 
diodes, however, can reduce energy consumption. In the future there maybe 
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the possibility to use genetically modified bacteria that target single 
contaminant as a clean-up method. 
Use of these advanced ‘end-of-pipe’ water treatment processes is expensive. 
In 2015, Anglian Water, the major drinking water supplier in the East of 
England (an agricultural region with high use of molluscicides) began 
operating a metaldehyde removal plant at a treatment works in Lincolnshire 
that abstracts water from the river Trent. The ‘low-energy’ plant uses 
membrane filters followed by UV/ H2O2 oxidation then GAC water polishing 
adsorbers to give high removal rates for metaldehyde and other pesticides 
that may also be present (“Water and Wastewater Treatment,” 2014). Based 
on operational costs at this site, Anglian Water predicted that to introduce 
similar systems across their supply region (27 500 km2) would cost an 
additional £17 million per year to operate. This would lead to an increase of 
21% to their customer's utility bill (Anglian Water, 2016). It was highlighted, 
therefore, that such a technology approach was not practicable and unlikely 
to be acceptable. More viable alternatives, such as a cross-sector collaboration 
in the management of river catchments and an increased awareness of water 
quality issues within the agricultural community were suggested as possible 
solutions to the problem. 
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Table 1. 9 Different laboratory or pilot scale techniques used for the 
removal of metaldehyde from water. Key: GC/MS = gas 
chromatography/mass spectrometry, 1H-NMR = proton nuclear magnetic 
resonance spectroscopy, H2O2 = hydrogen peroxide, LC = liquid 
chromatography, LC/MS = liquid chromatography/mass spectrometry, 
TAML = tetra-amido macrocyclic ligands, TiO2 = titanium dioxide, UV = 
ultra-violet, ZnO = zinc oxide. 
Removal 
technique  
Adsorption 
capacity 
for 
metaldehyde 
Removal Analysis 
technique 
Reference 
Conc. 
before 
% 
removed 
Photocatalytic 
reactions using 
nano-sized zinc 
oxide 
composites 
 500 µg 
L-1 
56 GC/MS Doria et al. 
(2013) 
Tailored 
phenolic carbon  
76 mg 
metaldehyde  
/g carbon 
- - LC/MS Busquets et 
al. (2014) 
Modified 
graphene 
Biologically 
active sand 
filters in 
pesticide 
degraders 
 up to 
mg L-1 
10 µg 
L-1 
> 92 
70 
LC/MS 
GC/MS 
Nguyen et al. 
(2017) 
 Rolph et al. 
(2014) 
Novel coupled 
adsorption and 
electrochemical 
destruction 
 250 µg 
L-1 
45 LC/MS,  
GC/MS 
Nabeerasool 
et al. (2015) 
2,000 
µg L-1 
25 
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technique 12,000 
µg L-1 
12 
8,000 
µg L-1 
> 90 
Heterogeneous 
catalytic 
degradation 
using 
macronets, 
followed by 
acetaldehyde 
removal using 
amine 
functionalised 
ion-exchange 
resin 
200 mg/g 
Macronet 
  GC, LC Tao & 
Fletcher 
(2016) 
UV/H2O2 
advanced 
oxidation 
process 
 10 µg 
L-1 
> 90 LC/MS/MS Autin et al. 
(2012) 
UV/TiO2 
advanced 
oxidation 
process 
 10 µg 
L-1 
< 50 LC/MS/MS Autin et al. 
(2013a) 
UV light 
emitting diodes 
advanced 
oxidation 
process 
 0.25 µg 
L-1 
40 to 0.1 
µg L-1 
LC/MS/MS Autin et al. 
(2013b) 
UV/H2O2 
advanced 
oxidation 
process 
incorporating 
micro-filtration 
and reverse 
osmosis 
 0.2 µg 
L-1 
> 90 LC/MS/MS James et al. 
(2014) 
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(Autin et al., 2012; 2013a; 2013b; Busquets et al., 2014; Doria et al., 2013; James 
et al., 2014; Jefferson et al., 2016; Kim & Campos, 2015; Nabeerasool et al., 
2015; Nguyen et al., 2017; Rolph et al., 2014; Semitsoglou-Tsiapou et al., 2016; 
Tang et al., 2016; Tao & Fletcher, 2016) 
Adsorption and 
photocatalytic 
degradation 
using nano-
sized 
ZnO/laponite 
composite under 
UV irradiation 
 0.1 mg 
L-1 
95 GC/MS Kim & 
Campos 
(2015) 
2 mg 
L-1 
55 
0.5 mg 
L-1 
92 
1 mg 
L-1 
69 
Low pressure 
UV/H2O2  
degradation at 
UV fluence of 
1000 mJcm-2 and 
15 mgL-1  H2O2 
 5 mg 
L-1 
97.7 LC/MS/MS Semitsoglou-
Tsiapou et al. 
(2016) 
High UV dose 
and alkaline 
UV/H2O2 
degradation 
 10  µg 
L-1 
8 mM LC/MS/MS Jefferson et 
al. (2016) 
Oxidative 
degradation 
using 
macrocyclic 
ligand catalysis, 
TAML/H2O2  
18,000 mgg-1 
TAML 
  1H-NMR Tang et al. 
(2016) 
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Catchment initiatives 
In the arable farming industry, there have been many attempts to prevent 
applied pesticides entering the aquatic environment. One of the most 
common methods is the construction of swales; channels lined with grass that 
control the velocity of run-off from fields and can also remove some 
pollutants through the filtration of water through vegetation (DEFRA, 2011). 
There has been recent interest in using this approach for the capitation of 
metaldehyde arising from diffuse run-off from fields during excessive rainfall 
events. Swales are often used in combination with other catchment sensitive 
farming initiatives. These include rural sustainable drainage systems that 
slow down or prevent the transport of pollutants to watercourses by breaking 
the delivery pathway between the pollutant source and the receptor (Avery, 
2012) and better pesticide storage and management. Training (e.g. on 
calibration of pellet applicators) and advice for farmers are also available in 
collaborative practices to mitigate the environmental impact of pesticides 
(“Catchment Sensitive Farming,” 2011). Several water companies, rivers trusts 
and nongovernmental agencies in the UK are also involved in these projects 
concerned with metaldehyde. A recent example is the ‘Slug It Out’ campaign 
(Anglian Water, 2015) funded by Anglian Water in the UK with the aim of 
protecting a number of reservoirs. Results to date are promising with major 
decreases, up to 60%, in the concentration of metaldehyde being found in the 
associated river tributaries (Vallely, 2016). Other water companies in the UK 
(e.g. Affinity, Severn Trent, Southern Water and Thames Water) have on-
going catchment-based initiatives, including payments for non-usage, 
designed to reduce inputs of metaldehyde. 
Alternative molluscicides 
Metaldehyde is the most widely used molluscicide and is dominant in the 
marketplace (Figure. 1.2). Since 1990 its use gradually increased, peaking 
between the years 2008–2009. After this time period, application rates have 
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dropped significantly, due largely to the campaign ‘Get pellet wise’ that 
started in 2010 which established improved guidelines for the safe use of 
products containing the active ingredient metaldehyde. Other substances 
such as Methiocarb and ferric phosphate can also be used as molluscicides 
(FERA, 2018). Some of the recent decreases in the number of drinking water 
PCV exceedances found for metaldehyde in the UK, is due in part, to the 
increased take up of ferric phosphate by the agricultural sector. Methiocarb 
(C11H15NO2S, also known as mercaptodimethur) is a carbamate pesticide and 
has been available since the early 1960s (PPDB, 2018). It has a number of 
agricultural applications including being a powerful molluscicide (e.g. in 
products such as Draza Forte and Decoy Wetex manufacturer by Bayer 
CropScience). Once ingested, Methiocarb exhibits neurotoxic effects on 
molluscs and has a potency higher (∼10 times) than that of metaldehyde  
(Simms et al., 2002; Speiser, 1997). Methiocarb is less polar (log Kow = 3.18 at 20 
°C) and less water soluble (0.027 g L−1 at 20 °C) than metaldehyde (PPDB, 
2018). The formulated pellets degrade slowly and hence are effective even in 
wet conditions and are less repellent to slugs compared with metaldehyde, 
allowing more active ingredient to be consumed before termination of feeding 
(Bourne et al., 1988). Typically, they were used on high value crops such as 
potatoes. However, due to recent concerns over its toxicity, particularly 
towards seed eating birds, such as sparrows and finches, use of this pesticide 
in formulated pellets was banned across the European Union in late 2014 
(Clarke, 2014). All farm stocks had to be used by September, 2015. In the short 
term, this ban is likely to increase the use of metaldehyde. However, 
Methiocarb can still be used in seed treatments products such a Mesurol. 
Currently, the only alternative for metaldehyde is ferric phosphate (FePO4) 
(Speiser & Kistler, 2002). This compound is highly insoluble in water (PPDB, 
2018). It is generally formulated in pasta type pellets, and several varieties of 
these are available commercially (e.g. Derrex®, Ferramol®, Ironmax Pro®, 
Sluggo®, or Sluxx®) containing differing amounts of ferric phosphate. 
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Neudorff GmbH, based in Germany, is the largest producer. Ferric phosphate 
can be formulated with ethylene diamine tetracetic acid (EDTA) or ethylene 
diamine succinic acid (EDDS) so as to increase the solubility of the iron, and 
hence toxicity towards the mollusc (Edwards et al., 2009). Application rates 
are typically 3–7 kg ha−1 of a 3% formulation (90–210 g ha−1 as ferric 
phosphate). Once ingested, this chemical causes pathological changes to a 
mollusc's digestive system, particularly calcium metabolism, quickly causing 
it to stop feeding and become less mobile. Death usually occurs within 3–6 
days. There is evidence, however, that some ferric phosphate formulations 
have adverse effects on earthworms and other soil-inhabiting invertebrates 
such as beetles, millipedes, and woodlice (Edwards et al., 2009). 
The use of ferric phosphate has gradually increased since its introduction to 
the market in 2005 (Figure. 1.2). Often metaldehyde is still preferred, due to 
its long and widespread use and also as it is perceived to cost less than ferric 
phosphate on a per kg basis. Some water companies as part of their catchment 
initiatives offer a financial incentive to use ferric phosphate (e.g. Southern 
Water offers a £1 kg− 1 used incentive). Additionally, metaldehyde causes 
slugs to remain above the soil upon death and this allows the user to see that 
the product is working. Ferric phosphate causes the slugs to bury themselves 
in the soil where they subsequently die, this does not show the user that the 
molluscicide has been effective. Instead, growers have to be guided by the 
degree of crop damage after the application of the chemical (AHDB, 2016). 
The overall impact, particularly on the aquatic environment, of ferric 
phosphate, is significantly less than that of metaldehyde. For example, 
restricting the use of ferric phosphate baits near watercourses and wet 
weather conditions are unnecessary. Although it is difficult to predict with 
certainty, it is expected that the use of ferric phosphate formulations will 
grow in the future, as pressure increases from within the regulatory sector 
and water suppliers on limiting the agricultural use of metaldehyde. 
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Figure 1. 2 Comparison of the use (expressed as area of land treated) of 
metaldehyde (square), methiocarb (diamond) and ferric phosphate 
(triangle) molluscicides in the UK between the years 1990–2015 (FERA, 
2018). 
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1.6  Review of polar passive samplers 
Water is essential to life, but many problems occur with respect to water 
bodies around the globe. Pollution has become a cause for concern for many 
water bodies. This problem can be escalated with respect to water when such 
waters are used for the abstraction of drinking water as many pollutants are 
not effectively removed using conventional water treatment techniques. This 
can lead to direct ingestion of many pollutants which remain in drinking 
water. The monitoring of several pollutants is now governed by legislation set 
by either the Water Framework Directive (WFD) or Drinking Water Directive 
(DWD) who focus more on the quality of drinking water within the European 
Union (EU). The latter directive is in charge of setting the legal prescribed 
concentration value (PCV) for any given pollutant in drinking water. 
These concentration values set by the EU DWD must be met by all water 
companies within the EU. Before the release of those waters owned by the 
company. As the removal of many of these pollutants has proven to be either 
difficult or expensive this has led to the introduction of monitoring for 
specific aquatic pollutants. 
As previously discussed in Section 1.6.5 the most frequent method used for 
monitoring pollutants in surface water is spot (grab or bottle) sampling. This 
involves the periodic collection of a bottle of water (50–1000 mL), followed by 
analysis in the laboratory. This procedure is frequently adopted by water 
supply companies as part of their regulatory monitoring programmes. The 
method is low-cost, but has some limitations (Gong et al., 2018). Often the 
effectiveness of this approach is challenging, particularly where 
concentrations fluctuate over time (Chen et al., 2005; Louchart et al. 2001; 
Rabiet et al. 2010). It is usually necessary for spot samples to undergo multiple 
steps prior to any result being obtained. These steps often include isolation 
from the sample matrix, pre-concentration steps and even matrix change to 
allow for instrumental analysis. It is estimated that spot sampling and 
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preparation can account for up to 90% of analysis time (Górecki & Namieśnik, 
2002). Spot sampling methods have been seen as ineffective methods for the 
monitoring of many pollutants and alternative methods, namely passive 
samplers have been introduced (briefly described in Section 1.6.5).  Recently 
these devices have been introduced as a method for providing more 
representative (e.g. time-weighted average (TWA)) concentrations of 
pollutants in water (Castle et al., 2018b; Townsend et al., 2018). Interest within 
the use of passive sampling for monitoring pollutants in the environment is 
made evident with an increasing number of publications since their 
introduction in late 1960’s (Figure 1.3). 
 
Figure 1. 3 Number of scientific papers published on passive samplers 
from 1967 to early 2018 (Scopus, 2018). 
1.6.1 Theory of passive sampling 
Passive sampling is a monitoring technique without the need for an energy 
source and is based on the diffusive action of an analyte from the sampled 
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medium on to the receiving phase, as a result of chemical potentials across 
each. This continues until equilibrium is reached (Górecki & Namieśnik, 
2002). 
The theory of the uptake of a chemical by a passive sampling device is well 
known and has been described extensively elsewhere (Booij et al., 2007; 
Huckins et al., 2006; Vrana et al., 2005a). In brief, analytes of interest in the 
environment are adsorbed onto a receiving phase material. This adsorption is 
governed by the exchange kinetics between the receiving phase and water 
phase. This is defined using Equation 1. 
Equation 1  
) 
Where: 
CS (t) = concentration of analyte in sampler at exposure time 
CW = concentration of analyte within environment 
k1 = uptake rate constant 
k2 = offload rate constant 
Passive samplers are known to have two main accumulation procedures. 
Either equilibrium or kinetic. Equilibrium passive samplers are used for 
analytes where concentrations remain relatively stable or passive sampler’s 
response time are shorter than analyte fluctuations within the environment. 
Examples of equilibrium samplers are discussed elsewhere (Harte, 2002; 
Mayer et al., 2003). However, for the monitoring of polar pollutants which are 
notoriously sporadic in the aquatic environment, kinetic passive samplers are 
used. Kinetic passive samplers work under the assumption that the rate of 
offloading from the receiving phase to water phase is negligible upon initial 
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exposure and therefore the mass transfer shows linear uptake reducing 
Equation 1 to: 
 
Equation 2 
. 
This gives the equivalent relationship: 
Equation 3 
 
The time weighted concentration of an analyte over the time integrative 
(linear) period can be calculated through the rearrangement of Equation 3.  
Equation 4 
   
Where:   
CW = concentration (ng L-1) of analyte in water 
MS(t) = mass (ng) of analyte in Chemcatcher® receiving phase disk after 
exposure time t (day) 
M0 = mass (ng) of analyte in receiving phase disk of Chemcatcher® field blank 
RS = sampler uptake rate of analyte (L day-1) 
For laboratory and ‘in-field’ calibration studies, Rs can be calculated from 
Equation 4 using the slope (Ms(t) t-1) of the regression of the mass in the 
sampler upon time (over the linear portion of the uptake data) and the 
 65 
 
concentration (Cw) in the water. Values for Rs can then be used in field trials to 
estimate Cw and this corresponds to the TWA concentration of the chemical 
over the deployment period. 
1.6.2 Passive sampler design  
Kinetic passive samplers used for a range of pollutants in the aquatic 
environment tend to share similar design characteristics. In most cases, a 
protective membrane layer is used between the receiving and water phase. 
This barrier can have multiple uses. These include: 
1. Protective layer. 
Membranes can act as a barrier to biofouling and other external damages to 
the receiving phase. 
2. Selectivity of analytes. 
Membranes can restrict certain classes of analytes based on the physio-
chemical properties of the barrier. 
3. Thickness of the water boundary layer. 
Membranes can be used to control the thickness of the water boundary layer 
and reduce or increase uptake rates of certain analytes. 
Passive samplers are designed to allow for maximum uptake rates and 
analyte capacity. This, in turn, allows for low limits of detection to be reached 
whilst ensuring quantitative measurements of the analyte within the aquatic 
environment. This is typically met with the ‘badge’ type samplers for 
monitoring in water. However, this sampler design can be affected by water 
velocity fluctuations (Vrana et al., 2005a). 
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1.6.3 Calibrating a passive sampler 
As briefly discussed in Section 1.7.1. Before a passive sampler can be used for 
quantitative monitoring the sampler must first be calibrated for the specific 
pollutants of interest. This process, in turn, provides an RS value which 
characterises the affinity of the desired pollutant to the specific receiving 
phase compared to water (Vrana et al., 2005a). Passive sampling devices can 
be calibrated under laboratory conditions at a known concentration (Harper, 
Davison, Zhang, & Tych, 1998; Huckins et al., 1999; Luellen & Shea, 2002; 
Murdock et al., 2001). Concentrations within a calibration experiment are kept 
constant by either the auto replenishment of tanks as described by Gobelius, 
et al., (2018) or the manual technique of replenishing the tank described by 
Castle et al. (2018b). This allows for accumulation of pollutant to be calculated 
as mass on disk against time. Using Equation 4 the uptake of the passive 
sampler can be calculated. Once known the uptake rate can be used to 
calculate time weighted average (TWA) concentrations of a pollutant within 
the environment. Calibration experiments have also been used to evaluate the 
uptake kinetics of passive samplers with varying environmental conditions, 
such as temperature, flow rates and biofouling of the sampler (Richardson et 
al., 2002; Vrana & Schüürmann, 2002). 
1.6.4 Environmental factors affecting passive sampling  
When using passive samplers, it is important to take into account any 
environmental factors which can affect the uptake of pollutants onto the 
receiving phase. Factors such as temperature, flow rates, pH, water 
turbulence, biofouling and dissolved organic carbon (DOC) can all effect 
diffusive boundary layer thus uptake rates of a passive sampler (Booij et al., 
1998; Huckins, et al., 2002b; Prest et al., 1992). Furthermore, factors listed 
above cannot be controlled in environments where samplers may be used. 
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This can cause variations in TWA concentrations obtained from samplers 
producing misrepresentative data on pollution events. 
Numerous methods have been developed to compensate for the effect of 
environmental variables on passive sampler’s uptake rates. Fauvelle et al. 
(2017) recently described the use of performance reference compounds 
(PRC’s) for estimating uptake kinetics of polar compounds by passive 
samplers. In brief, samplers are spiked with PRC’s that do not occur in the 
natural environment but share offloading kinetics influenced by the 
environmental factors. The release rate can be measured and used to 
understand the exchange kinetics between the sampler and water to 
compensate for environmental variables. 
Another method used to account for the effects of hydrodynamics on polar 
compounds is passive flow monitors. Booij et al. (2017) recently described the 
effectiveness of alabaster dissolution to measure mass transfer coefficients of 
the water boundary layer. In brief calcium, sulphate casts can be used to 
account for flow rates effects on transport through the water boundary layer. 
Although both methods described have shown merit in compensating for 
environmental factors on passive samplers more work is needed as only 
limited numbers of pollutants and samplers have been tested. 
Another environmental factor which can be difficult to account for is 
biofouling. This is the process of bacteria, flora or fauna colonising the surface 
of the passive sampling device creating a biofilm. This biofilm can, in turn, 
affect the thickness of the diffusion-limiting membrane thus affecting uptake 
of the analyte. Huckins et al. (2006) found uptake rates of polyaromatic 
hydrocarbons can reduce significantly (up to 70%) with biofouling. However, 
PRC’s can be used to correct for this when using semi permeable membrane 
devices. Recent studies have found that sampler designs can help reduce the 
amount of biofouling. For example, the use of polyethersulfone membranes 
over polyethylene can reduce the amount of biofouling accumulated over 
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longer deployment periods (Alvarez et al., 2007). However, further research is 
needed to reduce and eliminate the problem of biofouling experienced with 
all prolonged sampling deployments in the aquatic environment. 
1.6.5 Passive sampler comparison 
No environmental pollutant is the same, and as such each exhibits differing 
physico-chemical properties. Therefore, a range of passive samplers are 
needed for the monitoring of each pollutant class e.g. non polar, polar, metals 
and radionuclides etc. Table 1.10 compares various passive sampling devices 
and the classes of pollutants they can monitor. 
Selectivity of sampling devices can be very important for the monitoring of 
selective groups of compounds as often the absorption kinetics can be driven 
by differing forces as for more hydrophobic compounds the uptake rate will 
be controlled by sampler/water partition coefficients whereas polar 
compounds will be driven by adsorption distribution thus needing multiple 
adsorbents to optimise uptake rates.  
With many passive sampling devices, the adsorbent material (receiving 
phases) are quality controlled off the shelf products which can be introduced 
to a range of passive sampling devices to monitor multiple pollutant classes. 
Often two different samplers are deployed together to obtain a more 
representative range of contaminants (Alvarez, 2010). In some instances, the 
use of multiple sorbent phases has been used to try to reduce the number of 
samplers used to monitor a wider range of contaminants (Buchberger, 2007; 
Pacáková et al., 2009; Reemtsma & Quintana, 2006; Waters, 2008). 
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Table 1. 10 Various passive samplers and the classes of pollutants that 
can be monitored.
Passive sampling 
device 
Principle Target compound 
Chemcatcher® 
(Kingston et al., 
2000)  
PTFE housing accommodating 
commercially available solid 
receiving disks 
Metals, radionuclides, polar 
and non-polar compounds, 
phosphates, nitrates, organo-
metallic compounds, 
metaldehyde 
DGT (Davlson & 
Zhang, 1994)  
(Diffuse gradient 
in thin films) 
Two layers of acrylamide gel 
mounted in a holder device 
Metals, phosphates, sulfides, 
polar compounds 
MESCO (Vrana et 
al., 2001)  
(Membrane 
enclosed sorptive 
sampler) 
PDMS rod enclosed in a 
membrane made of regenerated 
cellulose or LDPE 
Hydrophobic semi-volatile 
organic compounds with log 
Kow > 3 
POCIS (Alvarez 
et al., 2004)  
(Polar organic 
chemical 
integrative 
sampler) 
Solid sorbent receiving phase 
sandwiched between two PES 
microporous membranes which 
are then held in place using two 
stainless steel rings. 
Polar pesticides and 
pharmaceuticals with log 
Kow < 3 
SPMD (Huckins 
et al., 1993)  
(Semi-permeable 
membrane 
device) 
flat tube of LDPE filled with 
triolein 
Hydrophobic semi-volatile 
organic compounds with log 
Kow > 3  
LDPE sheets 
(Booij et al., 2002)  
(Low density 
polyethylene) 
Low-density polyethylene 
membrane and silicone strips 
Non Polar organics 
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1.6.6 Polar pollutants and passive sampling techniques 
Throughout recent years the most common emerging pollutants found in the 
aquatic environment are polar compounds. One reason for this may be that 
conventional water treatment processes do not work as an effective barrier for 
the removal of many polar pollutants. The monitoring of polar pollutants has 
become more important thus the use of passive samplers for polar pollutants 
has increased.  
In the previous section, several passive sampling devices were introduced 
which are able to monitor polar pesticides within the aquatic environment. 
These include o-DGT, POCIS, and the Chemcatcher® passive samplers. 
o-DGT 
Diffusive gradient in thin films has been extensively reported in the literature 
for the monitoring of trace metals (Nolan et al., 2005; Zhang & Davison, 1995), 
phosphorus (Ding et al., 2010; Mason et al., 2010), sulphides (Teasdale et al., 
1999) and polar organics using organic-DGT (o-DGT) (Challis et al., 2016). The 
sampler, comprised of two layers of acrylamide gel, one binding gel and one 
diffusive gel in a housing device. The o-DGT has been calibrated and tested in 
field to monitor a diverse suite of polar organic pollutants in the aquatic 
environment. Challis et al. (2016) found that the variation of o-DGT without a 
PES membrane showed three advantages over alternative polar passive 
sampling devices; firstly flow rates had a reduced effect of uptake rates, 
secondly, sampling rates are temperature specific and thirdly the ability to 
determine sampling rates using diffusion-based model. These factors allow 
for o-DGT use for monitoring a range of polar organic compounds. To date, o-
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DGT has not been calibrated or tested for the monitoring of metaldehyde in 
the aquatic environment. 
POCIS 
Polar organic chemical integrative samplers like DGT have been extensively 
reported in the literature for a wide range of hydrophilic compounds 
including PAH’s (Harman et al., 2008; 2009; 2011), pesticides (Ibrahim et al., 
2013a, 2013b) and pharmaceuticals (Alvarez et al., 2007; Bartelt‐Hunt et al., 
2011; Kaserzon et al., 2014). In 2012 the calibrations and field tests of POCIS 
for the monitoring of over 300 polar compounds were reviewed by Harman et 
al. (2012). POCIS uses a hydrophilic lipophilic balance (HLB) receiving phase.  
Work undertaken by South West Water Ltd. had found that a HLB receiving 
phase had acted as a sufficient receiving phase for the monitoring of 
metaldehyde. This was used for the extraction of metaldehyde from spot 
water samples using a HLB solid phase extraction (SPE) cartridge. However 
limited studies have been performed on the use of POCIS as a passive 
sampler for the monitoring of metaldehyde in the environment. One study 
undertaken by Zhang et al. (2016) observed high limits of detection for 
metaldehyde 2.01 ng L-1 when using the following POCIS configuration; 2 g 
Oasis HLB sorbent suspended between two PES membranes held together 
using a metal housing unit. Possible reasons for this observation could be 
reduced sampling area over deployment when using powdered receiving 
phases as once deployed sorbent tends to drop and settle due to gravity. This 
greatly decreases sampling surface area. Furthermore, the sorbent can be lost 
during removal and extraction procedures creating error within the results 
obtained. 
A possible solution to the problem expressed above is the use of bound 
receiving phases such as the Horizon Atlantic™ HLB disk. This bound disk 
allows for constant uniform sampling area and reduced loss through 
extraction and collection of the passive sampling devices. At this time one 
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sampler utilises bound receiving phase disks, the Chemcatcher® passive 
sampler. 
Chemcatcher® 
The Chemcatcher® passive sampler developed at the University of 
Portsmouth can utilise a range of receiving phases and membranes for the 
monitoring of a wide range of pollutants in the aquatic environment. These 
include nutrients such as nitrate and phosphate (Knutsson et al., 2013), 
radionuclides, organo-metalics, metals, polar organics (Allan et al., 2009; 
Greenwood et al., 2009; Vrana et al., 2005a) and most recently metaldehyde 
(Castle et al., 2017a; 2017b; 2018a; 2018b). Previous work has shown the 
effectiveness of the Chemcatcher® passive sampler for monitoring non-polar 
pesticides in water, however alternative samplers such as low-density 
polyethylene (LDPE) tubes have shown greater scope for this group of 
pollutants (Greenwood et al., 2009).  
The design of the passive sampler is described in detail elsewhere (Kingston 
et al., 2000; Vrana et al., 2005b). For the monitoring of polar compounds, the 
Chemcatcher® passive sampler primarily utalises the following configuration; 
a 47 mm diameter 3M Empore™ SDB-RPS disk as a receiving phase overlain 
with a polyethersulfone membrane held together using an Empore 
Chemcatcher® housing unit. As previously discussed the HLB receiving phase 
can be effective for monitoring polar pollutants (Zhang et al., 2016). This has 
led to a new design of the Chemcatcher® passive sampler housing unit 
(Horizon Atlantic™) to allow for the larger HLB bound disk. 
Using the Horizon Atlantic™ HLB disk as a receiving phase overlain with a 
PES membrane the Chemcatcher® passive sampler can be used to effectively 
monitor metaldehyde in the aquatic environment. This is the focus of this 
thesis and will be described and discussed in more detail throughout. 
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1.6.7 Applications of samplers 
The use of passive samplers has increased exponentially since their 
introduction in the 1960s, particularly within the field of aquatic monitoring. 
Passive samplers have now been used for a range of aquatic pollutants and 
results interpreted for several aims. Vrana et al. (2005a) suggests eight ways to 
interpret passive sampling data; 
1. Screening for the presence and absence of pollutants. 
2. Investigating temporal trends in levels of waterborne contaminants. 
3. Monitoring spatial contaminant distribution and tracing point and 
diffusive pollution sources. 
4. Speciation of contaminants. 
5. Assessing pollutant fate and distribution between environmental 
compartments. 
6. Measuring TWA concentrations of waterborne pollutants. 
7. Comparing contaminant patterns in biota and passive samplers – 
biomimetic sampling to estimate organism exposure. 
8. Assessing the toxicity of bioavailable pollutants in extracts from the 
receiving phase of passive samplers. 
A detailed comprehensive review of the field application of passive samplers 
is described elsewhere (Stuer-Lauridsen, 2005). Furthermore Stuer-Lauridsen 
(2005) indicates that more than 75 % of the organic micropollutants listed by 
the European Union Water Framework Directive and the convention for the 
protection of the marine environment of the North-East Atlantic (OSPAR) can 
be effectively monitored using passive samplers with the added benefit of 
non–mechanical or passive operations, the ability to sample much larger 
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volumes of water compared to spot samples, reduced labour required for 
sample processing prior to analysis and finally the ability to monitor 
pollutants at much lower limits of detection 
1.6.8 Passive sampling in catchments 
Brack et al. (2017) describes the European Union Water Framework Directives 
focus on identifying areas of improvement for water quality. These include 
improvement regarding monitoring, in particular the use of monitoring 
strategies involving passive sampling. Passive samplers have gained interest 
for their use in catchments for the monitoring of various pollutant classes as 
an alternative to infrequent spot sampling which can lead to missed peaks.   
Guibal et al. (2018) successfully monitored 37 pharmaceuticals and 3 human 
tracers in Southern France using POCIS highlighting the threat of 
pharmaceutical contamination through treated and untreated sewage to small 
rivers. Moreover, Jeong et al. (2018) compares the use of equilibrium and 
kinetic samplers for the monitoring of organic contaminants in two river 
catchments in Germany illustrating the usefulness of passive samplers in 
terms of providing representative values for water quality monitoring in 
catchments. 
1.6.9 Quantification of concentrations in water 
As described in Section 1.7.1 passive samplers can be used to calculate 
concentrations of specific pollutants in the aquatic environment. The time-
weighted average concentration obtained illustrates an integrated 
concentration of a pollutant over the deployment period chosen without the 
need for increased sampling frequency. However, it must be considered that, 
when interpreting the data obtained using passive samplers, only freely 
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dissolved pollutant fractions are measured. However, for many highly polar 
substances such as metaldehyde it is expected that the pollutant remains 
entirely freely dissolved. 
For many polar pollutants, the concentrations within the aquatic environment 
can be sporadic in that concentrations can fluctuate over relatively short 
periods of time. Passive samplers can obtain time weighted average 
concentrations over this period. However, more research is needed to 
determine uptake variation in passive samplers where pulsed and 
discontinuous concentrations are observed. 
1.6.10 Quality control 
The importance of quality control in passive sampling is discussed and 
reviewed by Vrana et al. (2005a). In brief quality control samplers (field 
blanks) are needed to account for any potential contamination during 
preparation, storage, deployment and retrieval steps undertaken using 
passive samplers. Furthermore, reagent blanks and recovery spikes are 
needed to account for any losses or contamination through extraction and 
processing steps involved. Further quality control measures are needed 
throughout exposure of the passive samplers. One such quality control is the 
use of performance reference compounds (PRCs). PRCs are spiked into 
samplers prior to deployment and assuming isotropic exchanges, both PRC 
dissipation and the uptake of the analyte are theoretically equally affected by 
exposure conditions (Mazzella et al., 2010). This method can provide 
information about in situ uptake kinetics affecting the passive sampling 
device (Booij et al., 1998; Huckins et al., 2002a). 
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1.7  Research aims and objectives 
This project aimed to further develop the Chemcatcher® passive sampler for 
the monitoring of metaldehyde in surface waters. This aim was met through 
various calibration and field trials to highlight the effectiveness of the sampler 
and to provide robust and reliable data sets for end users of the Chemcatcher® 
passive sampling device. This thesis seeks to address the following objectives 
(Table 1.11). 
Table 1. 11 Aims and objectives of thesis. 
Objectives 
1. Calibrate the Chemcatcher® passive sampler to calculate the 
uptake rate of metaldehyde onto the receiving phase. 
2. Test the Chemcatcher® for any offloading of metaldehyde from 
the receiving phase. 
3. Perform field trials to assess the effectiveness of the 
Chemcatcher® as a complementary tool to infrequent sampling  
4. Evaluate the Chemcatcher® alongside spot water sampling for            
monitoring metaldehyde in surface waters over a twelve-month 
period 
5. Compare the Chemcatcher® passive sampler against alternative 
sampling methods such as on-line monitoring. 
1.8 Chapter Summary  
This chapter has presented the background of the project, underlined the 
presence of research gaps in monitoring for metaldehyde in surface waters 
and highlighted research problems that require further attention. 
Additionally, this section has presented the research aims and objectives, 
highlighting the significance of the research. Finally, this chapter reviewed 
metaldehyde in the environment, the pollutant of interest in this thesis. 
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Section 1.6 summarised the environmental impacts of this pollutant, stressing 
the need for monitoring of metaldehyde in the aquatic environment. This was 
the first time metaldehyde had been reviewed in the environment and has led 
to the publication of this literature review. Section 1.6.5 introduced possible 
monitoring techniques and catchment initiatives briefly introducing passive 
sampling and the Chemcatcher® passive sampler. The second half of this 
literature review section reviewed polar passive samplers. In Section 1.7 the 
theory of passive sampling was introduced, and a number of polar passive 
samplers were discussed and compared, including the Chemcatcher® which 
this project aims to successfully develop for the monitoring of metaldehyde. 
Lastly, the gaps in the research are highlighted and are set as the research 
aims and objectives for this project. 
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Chapter 2 Development of the 
Chemcatcher® passive sampler 
2.1 Introduction 
The purpose of this chapter is to introduce the general research methodology 
for this project. The chapter will begin by explaining the method involved 
with water samples which have been taken within this project, then focus on 
the analytical technique developed by Melanie Schumacher at Natural 
Resources Wales, which has been used for the analysis of all samples collected 
by the author. This section contains direct extracts from the paper ‘An 
improved method for measuring metaldehyde in surface water using liquid 
chromatography tandem mass spectrometry’. Following the theory behind 
passive sampling and the use of the Chemcatcher® in Chapter 1, the 
methodology surrounding the use of the Chemcatcher® passive sampler for 
the monitoring of metaldehyde will then be explained including preparation, 
deployment, extraction and analytical steps involved. This chapter will then 
focus on to the development of the Chemcatcher® for the monitoring of 
metaldehyde through calibration experiments to calculate uptake and elution 
from the passive sampling device. All methods unless otherwise stated were 
carried out by the author of this thesis (Table 1.1). Section 2.4 also contains 
extracts taken from published paper ‘Calibration and field evaluation of the 
Chemcatcher® passive sampler for monitoring metaldehyde in surface water’. 
Finally, this chapter will detail the pilot study, the Chemcatcher® 
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configuration and deployment procedure used to determine metaldehyde 
concentrations within three riverine sites in the Greater Thames catchment. 
The configuration of the Chemcatcher® passive sampler is presented, along 
with primary results obtained from this original study. 
2.2 Water samples 
As a comparison, spot water samples were taken at each site where the 
Chemcatcher® passive samplers were deployed. The procedure of taking spot 
water samples follows protocols used in routine monitoring of metaldehyde 
in water. Methods may vary in accordance with the analytical system used for 
analysis. Water samples (250 mL) taken throughout this project were collected 
from the riverine site into pre-cleaned, screw-topped polyethylene 
terephthalate bottles without preservative during transport and were stored 
at ~ 4 °C (for a maximum of two weeks) before analysis. It must be noted that 
this method for removal and analysis of spot samples is for samples obtained 
and analysed by the University of Portsmouth. All spot samples labelled 
“University of Portsmouth” were collected by the author of this thesis and 
analysed by Natural Resources Wales. Samples obtained by various water 
companies may differ. If so this will be stated in the respective chapters. 
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2.3 Analytical technique for measuring 
metaldehyde in surface water 
2.3.1 Background  
Metaldehyde analysis and method development for measuring metaldehyde 
in spot samples was initially undertaken at the University of Portsmouth by 
the author. After several months of engineer visits to fix reoccurring problems 
with the LC/MS, it was decided that the model of the device was not 
adequate to successfully analyse metaldehyde at the levels required. 
Furthermore, as samples were collected as a part of water company water 
quality monitoring, an accredited lab was required. This led to the utilisation 
of Natural Resources Wales for the analysis of all samples. 
As discussed in Chapter 1 the analysis of metaldehyde in surface waters is 
primarily undertaken using either gas or liquid chromatography, typically 
GC-MS, using single or triple quadrupole instruments, is used to determine 
metaldehyde in water at concentrations above or below the Drinking Water 
Directive limit (Environment Agency, 2009). However, GC-MS methods 
described in Chapter 1 usually require metaldehyde to be extracted from the 
water using time consuming off-line techniques such as liquid-liquid or solid-
phase extraction prior to analysis (Environment Agency, 2009; Li et al., 2010a). 
These techniques can often be labour intensive, time-consuming and costly in 
chemical usage. 
Using an Agilent LC-MS/MS we successfully modified a previous 
instrumental method used for the analysis of metaldehyde in water. Initially, 
the choice of the mobile phase buffer on the ionisation and fragmentation 
processes of metaldehyde was evaluated. The objective was to improve 
method sensitivity for measuring metaldehyde by overcoming the 
unfavourable conditions obtained by the formation of multiple adduct ions 
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when using ammonium acetate as the conventional mobile phase buffer. This 
new and improved method introduces alkyl-ammonium (methylamine) 
within the mobile phase to act as a buffer. The methylamine-adducted 
metaldehyde was observed as the only major molecular ion, while the 
formation of other adduct ions especially ([M + H]+, [M + Na]+, [M + NH4]+, 
[M + K]+) and dimers were highly suppressed. Furthermore, product ion 
spectra with a single major fragment ion were not seen, as observed with 
ammonium acetate buffers. 
The affinity of alkyl-ammonium buffers and their basicity towards 
compounds are believed to be factors that influence the formation and 
abundance of molecular and fragment ions, respectively (Ortelli et al., 2000; 
Teshima et al., 2002; Zhao et al., 2002). Methylamine appears to have a strong 
affinity towards metaldehyde and the binding energy between the two is 
greater than that of other adducts, this in turn effectively suppresses the 
formation of alternative fragment ions. The methylamine adduct ion (m/z = 
208.2) of metaldehyde (M) has the following formula [M+CH3NH2]+ and is 
the primary adduct formed. This primary adduct undergoes fragmentation in 
the collision cell of the mass spectrometer to form the methylamine adduct of 
ethanal observed at m/z = 76.2 in a product ion scan. Other ions which are 
observed in the product ion scan include m/z = 176.1, the molecular mass of 
metaldehyde. This suggests the removal of methylamine to yield 
metaldehyde as a molecular ion. Other fragment ions produced include m/z 
= 145 which is the loss of C2H7, from the molecular ion to form (C6H9O4)+. 
This hypothesis is supported by the use of ACD/MS Fragmenter software 
(Toronto, Canada) (see Figure. 2.1). 
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Figure 2. 1 Proposed fragmentation pathway for the ion observed at m/z 
= 145 obtained from ACD/MS Fragmenter software. 
2.3.2 Reagents and standards 
Acetonitrile and methanol of LC-MS grade purity were from VWR 
International Ltd (Lutterworth, UK). Deuterated metaldehyde-d16 (> 99 atom 
% deuterium) was from Qmx laboratories Ltd. (Thaxted, UK). Metaldehyde 
(99%) and methylamine (2 M) were sourced from Sigma-Aldrich Ltd. 
(Gillingham, UK). Ultrapure water (18 MΩ cm) was used throughout and was 
produced from an Elga Purelab Prima water system (High Wycombe, UK). 
Glassware is cleaned using a 10% Decon-90 solution (Decon Laboratories Ltd., 
Hove, UK), then rinsed with tap water, ultrapure water and finally methanol. 
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 Standard preparation 
Metaldehyde stock solution 
Metaldehyde stock solution was prepared using the following protocol firstly 
25 mg of metaldehyde powder was dissolved in 25 mL methanol to give a 
concentration of 1 g L-1. This solution was kept in the dark at room 
temperature to increase shelf life. The metaldehyde stock solution was diluted 
using methanol to produce a final concentration of 50 µg L-1. This solution 
was used for spiking of calibration standards prior to analysis. 
Internal standard stock solution 
An internal standard stock solution (deuterated metaldehyde-d16) was 
prepared by dissolving 10 mg of the powder in 10 mL methanol to give a 
concentration of 1 g L-1. Again, this stock solution was diluted using methanol 
to produce a final concentration of 50 µg L-1. This solution was used for 
spiking of calibration standards prior to analysis. Each sample and calibration 
standard prepared in ultrapure water was spiked with the internal standard 
to give a concentration of 1 µg L-1. 
Methylamine mobile Phase solution 
A 2.5 mM methylamine + 0.05% acetic acid solution was prepared in a fume 
hood by adding 250 µL of acetic acid and 625 µL of 2 M methylamine to 500 
mL of ultrapure water. This solution is freshly prepared every 3 days. It must 
be noted that this solution is prepared in this order using a fume hood for 
health and safety reasons. 
2.3.3 LC-MS/MS instrumentation  
The LC/MS/MS technique used in this project consisted of an Agilent 1260 
Infinity LC system comprising a 6460 triple quadrupole (Part No. G6460A) 
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equipped with a jet stream electrospray ionisation source (Part No. G1958-
65138), vacuum degasser (Part No. G1379B), binary pump (Part No. G1312B) 
and thermostated column compartment (Part No. G1316A). The LC system, 
mass spectrometer and data analysis were controlled using Agilent Mass 
Hunter software version B.05.01. supplied by Agilent Technologies, (Santa 
Clara, USA).   
The analytical column used for the separation of metaldehyde was an Atlantis 
T3 (C18), 2.1 mm x 50 mm, 3 µm particle size (Part No. 186003717), with an 
Atlantis T3, 2.1 mm x 10 mm used as guard column, (Part No. 186003756), 
Waters, Elstree, UK). A hydrophobic column was chosen to reduce runtime as 
metaldehyde is a highly polar substance. The mobile phase consisted of an 
aqueous 2.5 mM methylamine + 0.05% acetic acid solution (solvent A) and 
acetonitrile (solvent B) at a flow rate of 0.3 mL min-1 and was used in the 
gradient elution mode. Mass spectrometer source conditions and solvent 
elution conditions are shown in Tables 2.1 and 2.2 respectively. Total run time 
was 8 min. 
Table 2. 1 Mass spectrometer source conditions. 
Gas Temp (°C)   250 
Gas Flow (L min-1) 5 
Nebuliser pressure (psi) 60 
Sheath gas heater (°C) 300 
Sheath gas flow (L min-1) 11 
Capillary voltage (V) 3000 
Nozzle voltage (V) 1000 
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Table 2. 2 Solvent elution timetable. 
Time (min) Solvent B (%) 
0 30 
3 67.5 
3.5 100 
4.5 100 
5.0 30 
2.3.4 On-line sample enrichment 
The sample was introduced via an on-line enrichment system comprising of a 
standard Agilent 1260 Infinity quaternary pump, Agilent 1260 auto-sampler 
and a programmable Agilent 1200 Infinity 12 port/6-position selection valve 
(Part No. G1159A). A second programmable Agilent 1200 Infinity 2-
position/6-port valve (Part No. G1158A) was used to select between loading 
onto a re-useable solid-phase extraction (SPE) cartridge and elution onto the 
analytical column. This entire on-line enrichment system was fully integrated 
and controlled by the Agilent Mass Hunter software. For analysis, the auto-
sampler introduces 800 µL aliquot of the sample into the loading line which 
was subsequently pumped using the quaternary pump onto the Waters re-
usable Oasis HLB on-line SPE cartridge (2.1 mm x 10 mm) (Part No. 
186005786). The sample was then eluted from the SPE cartridge using the 
binary pump gradient onto the analytical column for separation and detection 
using the mass spectrometer. All steps are shown in the online programme, 
summarised in Table 2.3. 
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Table 2. 3 On-line SPE conditions.  
Mobile phase  A: Water (2.5 mM methylamine + 
0.05% acetic acid) 
B: Acetonitrile 
Temperature Ambient 
Mobile phase (quaternary/loading 
pump) 
A: Water  
B: Acetonitrile 
Quaternary pump sample loading 
flow (mL min-1) 
1.0 
Sample loading flow (mL min-1) 1.0 
Injection volume (µL) 800  
 
Gradient programme: 
Time (min) (% solvent B) 
0.0 0 
0.5 100 
5.0 100 
5.5 0 
7.7 0 
8.0 0 
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Injector Programme:  
Comand 
 
Action 
DRAW 
 
defined amount from sample from vial (800 µL), speed 500 µL 
min-1 
VALVE main pass 
WAIT 3.5 min 
REMOTE Start pulse 
WAIT 2.0 min 
EJECT Defined amount into seat, speed 900 µL min-1 
 
2-position/6-port valve set-point timetable: 
Time (min) Position 
0.0 0.0 
0.1 1 (elution) 
2.0 2 (conditioning) 
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2.3.5 Sample preparation 
Standards preparation 
Prior to any samples run through of the LC first a set of calibration standards 
were analysed to ensure mass accuracy with the machine. Firstly, calibration 
standards were prepared through diluting of the stock metaldehyde solution 
(50 µg L-1) in ultrapure water to obtain working calibration standard 
solutions. The concentrations used for calibration standards were 0, 10, 50, 
100, 300, 500, 750 and 1000 ng L-1. Once prepared the Oasis HLB cartridge 
were attached to the 12 port/6-position selection valve. 
Samples 
Water samples to be run on the LC MS/MS were prepared using the 
following method. One mL of each sample and working calibration standard 
solutions were transferred into labelled salinized auto-sampler vials and 20 
µL of internal standard solution (50 µg L-1) was introduced to each vial then 
mixed. All vials were then transferred to the auto-sampler tray. A method 
containing the entire LC conditions and switching valve programme was then 
loaded, as shown in Table 2.3, via the Mass Hunter data acquisition software. 
It is important to allow the system to stabilise for 30 mins prior to the start of 
any analysis, this will equilibrate the column and ensure the system is leak 
free. Once stabilised run all samples and calibration standards and prepare a 
calibration plot via the Mass Hunter data analysis software as seen below 
Figure 2.2. 
 89 
 
 
 
 
 
 
 
 
 
 
Figure 2. 2 Example of Mass Hunter calibration plot. 
2.3.6 Data acquisition  
Data acquisition was performed in multiple reaction monitoring mode 
(MRM) using positive electrospray. Metaldehyde acquisition occurs between 
1.8–3.0 min using the conditions shown in Table 2.4 
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Table 2. 4 LC-MS/MS acquisition conditions. 
Compound Precursor 
mass 
(m/z) 
MS 
resolution 
Product 
mass 
(m/z) 
Dwell 
time 
(ms) 
Fragmentor 
voltage (V) 
Collision 
energy 
(eV) 
Cell 
acceleration 
voltage (V) 
 
Metaldehyde-
d16 
224.3 Unit 80.2 250 135 3 7 
Metaldehyde 
(Quantitative) 
208.2 Unit 76.1 250 135 3 7 
Metaldehyde 
(Qualitative) 
208.2 Unit 176.1 250 135 3 7 
 
2.3.7 Quantification 
The ion transitions m/z = 208.2 to m/z = 76.1 and m/z = 208.2 to m/z = 176.1 
were used for quantification and qualification of metaldehyde respectively. 
The ion transition for the internal standard was m/z = 224.3 to m/z = 80.2. 
The calibration curve for metaldehyde was obtained by injecting previously 
prepared calibration standards at concentrations of 0, 10, 50, 100, 300, 500, 750, 
1,000 ng L-1. These were all made up using stock solutions as described above 
and spiked with internal standard (1 µg L-1) prior to analysis. Linear 
regression was applied to the internally standardized calibration plot with the 
weighting factor of 1/x. This resulted in a better fit of the values for the lower 
concentration standards. The correlation coefficient (R2) for the eight-point 
calibration was typically > 0.999. 
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2.3.8 Validation 
Validation was undertaken using the Water Research Centre NS30 protocol. 
This was accepted as best practice within the water industry in the UK for the 
derivation of the accuracy requirements of an analytical system when 
monitoring to a particular water quality standard (Cheeseman et al., 1989). 
NS30 required a series of tests to be carried out to assess the precision of 
analysis across the analytical range, over a period of two weeks or longer. 
This was also consistent with the specifications made within ISO/TS 
13530:2009. Limits of quantification (LoQ) of 4 and 20 ng L-1 were obtained 
using tap water and river water matrices respectively. 200 mL PET bottles of 
each matrix were spiked with 20 µL of a previously prepared 1 and 7.5 mg L-1 
metaldehyde solution to give a low and high concentration of 100 and 750 ng 
L-1. Duplicate (1 mL) aliquots were vialed and spiked with the internal 
standard prior to analysis. Recoveries of metaldehyde from both matrices 
were > 97%. A summary of the validation data is shown in Table 2.5. 
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Table 2. 5 Summary of validation data for the on-line LC-MS/MS 
method. 
 
The tap water and river water used for validation experiments contained 
measurable field incurred residues of metaldehyde, which were taken into 
account when calculating the LoD and LoQ. 
Matrix Level Spiked 
conc. 
(ng L-
1) 
Measured 
conc.   
(ng L-1) 
Batches DoF LoD 
rounded 
(ng L-1) 
LoQ % 
RSD 
% 
Bias 
% 
Rec 
% 
UoM 
Tap 
water 
Unspiked - - 11 11 2.0 4.0 - - - 25.1 
 Low 
spike 
100.0 99.0 11 13   6.8 -1.0 97.6  
 High 
spike 
750.0 743.0 11 16   4.5 -1.0 98.9  
River 
water 
Unspiked - - 11 14 9.0 20.0 - - - 27.1 
 Low 
spike 
108.0 108.0 11 20   7.8 0.1 100.0  
 High 
spike 
758.0 748.0 11 15   4.5 -1.4 98.6  
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2.3.9 Analytical technique summary 
Overall using this method, better precision (< 7.0% RSD at the Drinking 
Water Directive limit of 0.1 µg L-1) and a five-fold improvement in method 
sensitivity was obtained for metaldehyde when using the methylamine buffer 
compared with the previously used ammonium acetate buffer. This new 
method offers significant benefits in terms of lower sample volumes, speed 
and cost of analysis especially when compared to previously used off-line 
liquid-liquid or solid-phase extraction techniques. This was achieved through 
the effective elimination of the formation of other problematic alkali metal 
adducts by forming the one methylamine adduct. This technique can be used 
for other compounds where unwanted alkali metal adducts are formed. This 
new method has now been in routine use for over three years in which the 
analysis of several thousand surface water samples for regulatory reporting 
purposes. This easy to implement method, requiring only a simple 
modification to the mobile phase, should prove attractive to analysts based in 
laboratories of water companies and environmental regulators. 
2.4 Chemcatcher® methodology 
Throughout this project, the preparation, deployment, extraction and analysis 
of the Chemcatcher® passive sampler were kept constant. All preparation, 
deployment and extraction procedures were done following strict protocols 
edited by the author of this thesis to improve their precision and to reduce 
solvent waste. 
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2.4.1 Reagents and glassware 
Unless otherwise stated, chemicals and solvents were of analytical grade or 
better and were obtained from Sigma-Aldrich (Gillingham, England). Ultra-
pure water was obtained from an in-house source (ELGA Purelab Ultra, 
Marlow, UK) and was used in all laboratory procedures. Metaldehyde (99% 
purity) and deuterated metaldehyde-d16 (> 99 atom% deuterium) were 
purchased from Sigma-Aldrich and Qmx Laboratories Ltd. (Thaxted, UK) 
respectively. All glassware and apparatus were cleaned by soaking in 5% 
Decon 90 solution overnight (Decon Laboratories Ltd., Hove, UK), then 
washed with water and rinsed with methanol. Calibration standards and test 
solutions were prepared as described in Section 2.3.5 (Schumacher et al., 2016). 
2.4.2 Preparation of Chemcatcher® samplers  
The Chemcatcher® passive samplers were comprised of three component 
PTFE bodies (Atlantic design) which were obtained from AT Engineering 
(Tadley, UK). Components were cleaned initially by soaking overnight in a 2 
% Decon 90 solution and rinsed with water. This was followed by immersion 
(acetone) in an ultrasonic bath (10 min), rinsed with water and dried at room 
temperature. Extraction manifolds (Figure 2.3) were cleaned initially by 
soaking overnight in a 2 % Decon 90 solution and rinsed with water. This was 
followed by a run through of acetone first (~10 mL) and then water (~50 mL) 
and lastly left to dry. Horizon Atlantic™ hydrophilic-lipophilic balanced 
(HLB-L) extraction disks (47 mm) (Arc Sciences Ltd., Alton, UK) were used as 
the receiving phase. Disks were washed by soaking in methanol overnight. 
Disks were then placed in a pre-cleaned extraction manifold and pre-
conditioned using methanol (50 mL) followed by water (100 mL) and stored 
in water prior to use. The PES sheet (Supor® 200, 0.2 µm pore diameter) was 
obtained from Pall Europe Ltd. (Portsmouth, UK) and was used as the 
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diffusion-limiting membrane. PES membrane circles (52 mm diameter) were 
punched by hand from the sheet and soaked in methanol overnight to remove 
traces of polyethylene glycol oligomers present as an artefact of the 
manufacturing process (Guibal et al., 2015). Afterwards, membranes were 
rinsed in water and then stored submerged in water until use. Devices were 
prepared by placing a HLB-L disk (smooth side uppermost) followed by the 
PES membrane onto the Chemcatcher® supporting plate, ensuring that no air 
bubbles were trapped in the interstitial space. The two components were 
secured in place by a retaining ring, which was tightened sufficiently in order 
to make a watertight seal (Figure 2.4). Assembled samplers were kept 
submerged in water (without the transport lid fitted) prior to use in order to 
prevent the HLB-L disks from drying out. Performance reference compounds 
(PRCs) were not used. 
 
Figure 2. 3 Six station manifold for HLB-L disk preparation. 
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Figure 2. 4 Components of the Horizon Atlantic™ version of the 
Chemcatcher® passive sampling device. 
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2.4.3 Deployment and retrieval 
Chemcatcher® passive samplers were deployed at all field locations in 
duplicate for consecutive periods of two weeks. Calibration experiments 
described in Section 2.5 show Chemcatcher® devices maintain a linear uptake 
of metaldehyde over fourteen days with no noticeable lag phase. This allows 
for TWA concentrations to be calculated as shown in Section 1.7.1. Sampling 
deployments were restricted to fourteen days to help minimise any biofouling 
of the PES membrane which may occur with prolonged deployments. 
Furthermore, limited research has been undertaken to show linear uptake of 
metaldehyde on to the HLB-L disk over prolonged periods. It was important 
to ensure that samplers remain submerged within the riverine system 
throughout deployment. This was achieved using robust plastic sheet 
deployment rigs (Figure 2.5). Each rig was weighted to ensure they were 
completely submerged throughout deployments. It is important when 
selecting an appropriate site that water depth, accessibility and water flow are 
all adequate for a safe and secure deployment. Upon retrieval Chemcatcher® 
samplers were resealed using the PTFE lid, labelled and then wrapped in 
aluminium foil. Devices were placed in a cool box, transported to the 
laboratory. HLB-L disks were then removed from the Chemcatcher® housing 
and placed on solvent rinsed foil to dry at room temperature overnight. Once 
dried, disks where then kept in solvent rinsed pouches and stored at ~ 4 °C 
until analysis. PES membranes were discarded as metaldehyde was not found 
to remain on them. 
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Figure 2. 5 Schematic diagram of new robust deployment rig. 
2.4.4 Extraction and analysis 
Dried disks were removed from storage and allowed to reach room 
temperature. Metaldehyde was then eluted from the disks using methanol, 
(40 mL) under gravity using a PTFE extraction funnel manifold, with the 
eluent collected into pre-cleaned glass vials (60 mL). One mL of water was 
then added to the vial (to act as a keeper to prevent any loss of metaldehyde) 
and the solution evaporated (Genevac ‘EZ-2’ centrifugal rotary evaporator, 
Genevac Ltd., Ipswich, UK) to ~ 0.5 mL. The extract was transferred to a pre-
cleaned vial (2 mL) and the solution adjusted to 1 mL with methanol by mass. 
Metaldehyde in extracts obtained from Chemcatcher® samplers was analysed 
using a similar procedure as for the spot water samples with the following 
modification. One hundred µL of extract was added to a silanised glass auto-
sampler vial containing water (900 µL) and 20 µL of internal standard solution 
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(metaldehyde-d16, 50 µg L-1) and then analysed as described in Section 2.3. 
The LoQ of the method was 0.45 ng L-1. 
2.5 Development of the Chemcatcher® passive 
sampler for monitoring metaldehyde in surface 
waters 
2.5.1 Introduction 
When using passive samplers to monitor any pollutant within the aquatic 
environment it is very important to first calibrate the device. Calibration 
experiments are used to calculate the uptake rate (RS) of specific pollutants on 
to a receiving phase. Once RS values are known this will then allow for the 
quantitative monitoring of that specific pollutant as TWA data can be 
obtained using Equation 4 as discussed in Section 1.7.1. Calibration 
experiments can also be used to calculate any offloading of pollutants from 
the receiving phase which may be experienced within field application. It is 
also important to check elution of the pollutant from the receiving phase to 
ensure any losses are taken into account when measuring pollutant levels 
quantitatively. 
2.5.2 Performance of the HLB-L receiving phase disk 
Preliminary experiments to investigate the sorption and recovery of 
metaldehyde from the HLB-L disks were undertaken at Natural Resources 
Wales by Anthony Gravell. A river water sample (10 mL) was collected and 
11 sub samples were spiked (n = 11) with metaldehyde to give 
environmentally relevant concentrations of 3 and 6 ng L-1 (Lu et al., 2017) and 
extracted under gravity using a pre-conditioned HLB-L disk held in an 
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extraction funnel manifold. The above procedure was repeated with a second 
sample of river water from the same source. Metaldehyde was eluted and 
analysed as described in the Section 2.4.4. 
Results from this batch extraction test using spiked river water showed that 
this sorbent material was effective at retaining metaldehyde and that the 
compound could subsequently be eluted readily using methanol as discussed 
in Section 2.4.4. Average recoveries (n = 11) for the duplicate river water 
samples spiked at 3 ng L-1 were 95.5 % (11.2 % RSD) and 98.2 % (10.6 % RSD) 
and at 6 ng L-1 were 92.7 % (4.1 % RSD) and 95.5 % (4.7 % RSD). These data 
(expressed in Table 2.6) indicated that HLB-L disk could be used as an 
effective receiving phase in the Chemcatcher® passive sampler for the 
monitoring of metaldehyde in surface waters. 
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Table 2. 6 Batch extraction test results. 
*Removed outliers from calculations 
2.5.3 Desorption calibration of metaldehyde Chemcatcher® 
A 14 day laboratory desorption calibration experiment was undertaken to 
determine the sampler desorption rate (if any) for metaldehyde. 
Twenty HLB-L disks were cleaned, and prepared following procedures 
described in Section 2.4. Prepared HLB-L disks were then spiked with 
metaldehyde using 250 mL metaldehyde solution under gravity. Four HLB-L 
disks were then dried and extracted following previously described methods 
and were used as spiked blanks. Remaining 14 HLB-L disks were then 
deployed using the Chemcatcher® housing in a pre-cleaned glass tank (300 x 
300 x 400 mm) containing a rotatable PTFE carousel (Figure 2.6) for holding 
up to 14 Chemcatcher® samplers on two layers containing 16 L of DI water. 
Using an overhead stirrer, the carousel was rotated at a speed of 20 rpm; 
giving a linear water velocity of ~ 0.2 m s-1 over the face of the sampler 
bodies. This rotation speed was considered representative of water velocity at 
the riverine sites used for the subsequent field trials. The concentration of 
Batch No    
 1 
(ng 
L-1) 
 2 
(ng 
L-1) 
 3 
(ng 
L-1) 
 4 
(ng 
L-1) 
 5 
(ng 
L-1) 
 6 (ng 
L-1) 
7 (ng 
L-1) 
8 
(ng 
L-1) 
 9 
(ng 
L-1) 
 10 
(ng 
L-1) 
11 
(ng 
L-1) 
Avg 
(ng L-1) 
SD RSD (%) 
2.89 2.39 2.70 2.78 3.21 2.34* 0.08* 3.42 3.04 2.54 2.83 2.86 0.32 11.24 
3.34 2.78 2.99 3.24 2.68 2.04* 0.03* 3.28 2.56 3.11 2.54 2.95 0.31 10.64 
5.95 5.52 5.73 5.57 5.54 5.59 5.10 5.28 5.58 5.55 5.76 5.56 0.23 4.08 
5.77 5.50 5.72 6.23 5.85 5.20 5.76 5.69 5.86 5.48 5.98 5.73 0.27 4.74 
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metaldehyde within the tank was measured through daily spot samples (~5 
mL).  
 
 
Figure 2. 6 Schematic diagram of carousel used in calibration. 
One Chemcatcher® was removed from the carousel after exposures of 24, 48, 
72, 96, 120, 144, 168, 192, 216, 240, 264, 288, 336, 360 h. A ‘dummy’ PTFE body 
was inserted into the position of each sampler removed from the carousel in 
order to maintain consistent hydrodynamic conditions in the tank. The 
temperature of the water was monitored throughout the duration of the 
study. The mass of metaldehyde remaining in the HLB-L disk from each 
exposure time was measured using the analytical procedure described in the 
above sections. 
2.5.4 Results 
The water temperature (18.0 ± 1.0 °C) and concentration of metaldehyde in 
the test tank were stable over the 14 day period of the trial. The concentration 
was measured twice daily (n = 26). Concentrations were measured below or 
at limits of detection (10 ng L-1). Treating values at limits of detection as true 
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values gave a mean concentration of 12.2 ng L-1 indicating limited offloading 
of metaldehyde from the HLB disk over a typical 14 day deployment. A 
summary of the data is shown in Table 2.6. Spiked blanks show initial mass of 
metaldehyde on disk of 75.9 ng disk-1. Over the period of 14 days 
metaldehyde mass on disk remained relatively stable as expressed in Table 
2.7 and Figure 2.7 (47.3–77.2 ng disk-1). Day 3 was the exception in when the 
mass on the disk was 142.8 ng disk-1. This is over double the mass compared 
to all other disks. This increase in mass on the disk is likely to be a result of 
missed cleaning steps between extractions of disks and can be removed as an 
outlier in the data set as this data point remains outside of the 1.5 times inter 
quartile range. All other data points have been plotted (Figure 2.7) to show 
limited desorption of metaldehyde from the HLB-L disk.  
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Table 2. 7 Summary of tank concentrations over calibration period. 
 Tank concentration (ng L-1) 
Time (h) Spot sample 1 Spot sample 2 Average 
0 10 10 10 
24 10 10 10 
48 - - - 
72 - - - 
96 10 10 10 
120 10 10 10 
144 11.5 10 10.8 
168 12.2 10 11.1 
192 14.2 10 12.1 
216 14.5 15.6 15.0 
240 14.1 14.2 14.2 
264 14.6 13.8 14.2 
288 15.0 14.9 15.0 
312 10.3 11.5 10.9 
336 14.1 17.5 15.8 
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Table 2. 8 Summary Chemcatcher® mass on disk over time during 
desorption calibration experiment.  
Time (h) Mass on disk (ng disk-1) 
B 79.9  
B 58.5  
B 75.3 
B 89.9 
24 53.7 
48 67.2 
72 142.8 * 
96 53.6 
120 - 
144 54.0 
168 53.1 
192 57.4 
216 57.6 
240 58.3 
264 77.2 
288 65.6 
312 47.3 
336 62.7 
B – Represents spiked blank disks, * - represents outliers 
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Figure 2. 7 Mass of metaldehyde (ng) on the Horizon Atlantic™ HLB-L 
disk against the time of exposure. The line fitted is a simple linear 
regression curve (R2 = 0.0332). 
 A simple correlation calculation gave a correlation coefficient of 0.18. As this 
value is low this suggested that there is little correlation between mass of 
metaldehyde on the disk over time. This proves that there is no significant 
offloading from the Chemcatcher over a typical 14 day deployment. A 
percentage variance of 18% was calculated for the TWA concentrations 
measured above. This shows that there is a relatively small difference in 
concentrations obtained at each time interval, further highlighting the small 
amount of offloading from the HLB receiving phase over a typical 14 day 
deployment. Possible reasons for this low difference in concentrations 
obtained may be due to the loss of metaldehyde during extractions and 
evaporation of the extracts, as this difference can be observed between the 
spiked blank samples. 
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2.5.5 Measurement of sampler uptake rate 
A 14 day laboratory calibration experiment was undertaken to determine the 
sampler uptake rate (Rs) for metaldehyde. Three hundred and fifty Litres of 
water was collected into a ~ 400 L pre-cleaned polypropylene vessel from the 
River Lliedi, Felinfoel near Llanelli, (latitude 51.6999ₒ N, longitude -4.1446ₒ 
W). The river water (dissolved organic carbon concentration = 3.34 mg L-1 and 
pH = 7.4) was stored in a temperature-controlled room (5.0 ± 1.0°C) and left to 
equilibrate prior to use. This value was selected, as it is typical of the 
temperature of rivers in the UK during late autumn to winter when 
metaldehyde is most prevalent in surface waters. The concentration of 
metaldehyde found in the river water was below the limit of quantification 
(LoQ = 20 ng L-1) (Schumacher et al., 2016). 
Uptake rate was measured in a calibration rig similar to that described by 
Vrana et al., (2006), but using a semi-static system rather than a flow-through 
design. A pre-cleaned glass tank (300 x 300 x 400 mm) containing a rotatable 
PTFE carousel for holding up to 14 Chemcatcher® samplers on two layers was 
filled with 16 L of river water and allowed to pre-condition (~ 18 h). 
Afterwards, the tank was drained and 14 devices placed into the carousel. The 
tank was refilled with river water (16 L) that had been spiked with 
metaldehyde, to give a nominal concentration of 1.7 µg L-1. This concentration 
was chosen in order to sequester sufficient metaldehyde on the disk to enable 
quantification at early time points during the calibration experiment. This 
concentration is often exceeded in river catchments impacted by the 
molluscicide (Lu et al., 2017). Using an overhead stirrer, the carousel was 
rotated at a speed of 20 rpm; giving a linear water velocity of ~ 0.2 m s-1 over 
the face of the sampler bodies. This rotation speed was considered 
representative of water velocity at the riverine sites used for the subsequent 
field trials. Spiked water in the tank was drained and replenished every 24 h 
to ensure a relatively constant concentration of metaldehyde throughout the 
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experiment. The concentration of metaldehyde in solution was measured 
before and after each tank replenishment to monitor the stability of the 
analyte during the trial. The small well on top of the Chemcatcher® body 
ensured that the PES membrane remained wet during these emptying and 
refilling operations. 
One Chemcatcher® was removed from the carousel after exposures of 8, 24, 
48, 72, 96, 120, 144, 168, 192, 216, 240, 264, 288, 336 h. A ‘dummy’ PTFE body 
was inserted into the position of each sampler removed from the carousel so 
as to maintain consistent hydrodynamic conditions in the tank. The 
temperature of the water was monitored throughout the duration of the 
study. A blank sampler exposed to the laboratory atmosphere was used to 
account for any background contamination during each operation. The mass 
of metaldehyde accumulated in the HLB-L disk from each exposure time was 
measured using the analytical procedure described in Section 2.3. These data 
were used to calculate RS. PES membranes from the deployed Chemcatcher® 
samplers were also extracted and analysed using the same procedures. 
2.5.6 Results 
The water temperature (5.0 ± 1.0°C) and concentration of metaldehyde in the 
test tank was stable over the 14 day period of the trial. The mean 
concentration measured (n = 11) each time before the tank was drained was 
1.72 µg L-1 (± 0.04 SD). The mean concentration measured (n = 13) each time 
after the tank was re-filled was 1.74 µg L-1 (± 0.04 SD). A two-sample t-test 
showed that there was no significant difference (p = 0.161) between these two 
concentrations. A simple linear regression of the mass (ng) of metaldehyde 
accumulated in the disk on time of exposure (h) (Figure 2.8) was highly 
significant (p < 0.001)) and gave a good a fit (R2 = 0.97). The slope of the linear 
regression equation was 1.13 (ng h-1) giving an RS = 15.7 mL day-1. This would 
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represent ~ 220 mL of water cleared by the sampler over a typical 14 day field 
deployment. Unlike with many non-polar pollutants, longer field 
deployments for such highly mobile and often sporadic polar contaminants 
are unwarranted as concentrations are found to fluctuate drastically over 
short periods of time. It is therefore important to keep deployment periods 
shorter when investigating polar contaminant inputs into river catchments. 
The mass of metaldehyde found in the laboratory blanks was below the LoQ 
of the instrumental method. The intercept was -6.55 h (standard error 5.29, 
95% confidence interval -17.23 to 4.14) and was not significantly different 
from zero indicating no lag phase in the uptake of metaldehyde caused by 
sorption of analyte to the polymeric diffusion-limiting membrane. The 
absence of a lag phase was substantiated as no metaldehyde was detected in 
the PES membranes from the deployed Chemcatcher® samplers.  
There is limited RS data using the HLB-L disk as a receiving phase for the 
Chemcatcher®. Using such a device, Petrie et al. (2016) determined the RS 
values for 59 polar organic micro-pollutants (log KOW -2.64 to 6.3) over a 9-day 
deployment in wastewater effluent. Sampler uptake rates ranged from 10-100 
mL day-1. Ahrens et al. (2015) using an alternative receiving phase (SDB-RPS 
Empore™ disk) determined under laboratory conditions the Chemcatcher® 
uptake rates for 124 pesticides. RS values varied between < 1-150 mL day-1. 
Oasis® HLB sorbent has been used with the pharmaceutical variant of the 
POCIS (with an active sampling area approximately three times that of the 
Chemcatcher®) to sequester a wide range of polar pollutants and their 
associated sampler uptake rates (RS = < 1-1000 mL day-1) determined in the 
laboratory (Ahrens et al., 2015; Bartelt‐Hunt et al., 2011; Morin et al., 2013). 
This wide variation in measured sampler uptake rates is a function of the 
physicochemical properties of the analyte and the conditions used for the 
calibration experiment. Taking these factors into consideration the sampler 
uptake rate measured for metaldehyde in our laboratory study falls within 
the range of previously reported RS values for polar chemicals. 
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Figure 2. 8 Mass of metaldehyde (ng) accumulated on the Horizon 
Atlantic™ HLB-L disk against the time of exposure at a flow rate of 0.2 
m s-1. The line fitted is a simple linear regression curve (R2 = 0.97, slope 
= 1.13 (ng h-1). A mean aqueous concentration of metaldehyde (1.73 µg L-
1) in the test tank over the deployment period was used to calculate the 
sampler uptake rate (RS = 15.7 mL day-1). The mass of metaldehyde in 
the exposed HLB-L disk for each time point was measured in triplicate. 
 
2.5.7 In situ calibration of the metaldehyde Chemcatcher® 
The uptake rate of metaldehyde for the Chemcatcher® was measured in-situ at 
a site where the concentration of metaldehyde was known to be relatively 
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constant. Here three replicate samplers were deployed for 14 days at a feeder 
tributary to a reservoir in the Anglian region between 4th-18th September 
2015. 
Triplicate Chemcatcher® samplers were used. In order to protect the devices, 
they were placed inside a bespoke stainless-steel cage (A T Engineering).  A 
chain was used to secure the cage to a mooring point along the river (Figure 
2.9). This equipment ensured that the samplers remained fully submerged 
during the deployment period. Upon retrieval, the well in the body of the 
Chemcatcher® was filled with river water and sealed with the transport lid for 
transport back to the laboratory. A field blank sampler was exposed during 
deployment and retrieval operations and was analysed as per the 
experimental samplers. Spot samples of river water (250 mL) were collected 
into pre-cleaned screw-topped polyethylene terephthalate bottles at set 
periods (4th, 14th, 18th, September 2015) during the sampler deployments 
and stored at ~ 4°C until analysis. Extraction and analysis were performed as 
described in Section 2.3. 
 
 
 
 
 
 
 
 
Figure 2. 9 Photograph of bespoke steel cage used for Chemcatcher® 
deployment.  
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2.5.8 Results 
The concentration of metaldehyde found in spot samples of water collected at 
the in-field calibration site on days 1, 10 and 14 was 35.2, 37.6 and 46.6 ng L-1, 
respectively. The mass of metaldehyde accumulated in the receiving phase of 
the Chemcatcher® sampler (n = 3) after the 14 day deployment was 9.7, 9.8 
and 10.3 ng. Using an average aqueous concentration (39.8 ng L-1) over the 
exposure period this corresponded to RS = 17.4, 17.6 and 18.6 mL day-1 (mean 
= 17.8 mL day-1) for each device. Similar to the experimental value of 15.7 mL 
day-1. Metaldehyde measured in the blank samplers was below the LoQ of the 
analytical method. The RS values obtained using the two different approaches 
to calibration were in good agreement. A small variation between the RS 
values can be expected. The water temperature in the laboratory tank was 
maintained at ~ 5°C, whilst the water temperature at the riverine site during 
early autumn was ~ 13-14°C. Higher temperatures increase the rate of 
diffusion and hence the uptake rate of an analyte and may account for the 
slightly higher RS value found for the in-field study. Additionally, the water 
velocity in the laboratory study was maintained at ~ 0.2 m s-1 and it is 
unlikely that a similar degree of turbulence appertained throughout the 
duration of the in-field calibration. However, the effect of water temperature 
and flow on the uptake of a wide range of polar analytes by the POCIS has 
been shown to be relatively small (Li et al., 2010b; Li et al., 2010c). One solution 
to overcome issues associated with the variation of RS with changing 
environmental conditions during field deployments is the use of PRCs. The 
effectiveness of this concept for use with polar passive samplers is not fully 
proven and alternative solutions such as the use of passive flow monitors (e.g. 
rate of dissolution of calcium sulphate casts) and increasing membrane 
resistance have been suggested and warrant further study (Booij et al., 2017; 
Fauvelle et al., 2017). 
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2.6 The pilot study 
Following the successful calibration of the Chemcatcher® passive sampler for 
monitoring metaldehyde (described in Section 2.5). A separate study was 
undertaken to act as a proof of concept and demonstrate the use of the 
Chemcatcher® passive sampler for monitoring metaldehyde in surface waters 
within the Greater Thames catchment during metaldehyde peak usage 
season. This chapter details the Chemcatcher® configuration and deployment 
procedure used to determine metaldehyde concentrations within three 
riverine sites in the Greater Thames catchment. The configuration of the 
Chemcatcher® passive sampler is presented along with primary results 
obtained from this original study. 
2.6.1 Aims 
The Greater Thames catchment is renowned for its extensive arable farming 
with 57% of the catchment covered with arable land. This led to several 
exceedances of the PCV in historical data. The average concentration of 
metaldehyde in water was above the PCV at 31 out of 140 sites between 2011 
and 2015 (Lu et al., 2017). Hence, samplers deployed in this area were 
expected to yield moderate-to-high concentrations of metaldehyde. 
Chemcatcher® passive samplers were deployed at three contrasting sites 
alongside ~weekly spot samples during 7 October - 2 December for two sites 
and 4 November – 2 December for one. These dates were chosen to 
incorporate metaldehyde peak usage season (31 August – 1 December). The 
aim of this study was to evaluate the Chemcatcher® alongside spot water 
sampling for monitoring metaldehyde in surface waters within metaldehyde 
peak season. 
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2.6.2 Site selection 
The River Thames is the longest river in England (255 km) supplying a 
population of approximately 14 million with drinking water. The major land 
use in this catchment is arable farmland which accounts for 57% of the entire 
catchment. This has led to historical exceedances of PCV for concentrations of 
metaldehyde in surface waters within the area. For this initial field trial, two 
sites were chosen for the initial investigation with a third introduced later in 
the study (Figure 2.10). Sites were chosen to match certain criteria set in 
Section 2.4.3. The first site was situated in Banbury at the Grimsbury reservoir 
outlet (T1). This site was expected to have relatively low concentrations of 
metaldehyde due to low arable farming in the area. The second site to be 
introduced was located on the River Enborne in West Berkshire (Shalford 
Bridge (T2)). In this area, arable land coverage was 50% and surface water 
bodies 0.5% (Rae, 2017). The final site which was introduced later in the study 
was situated near Oxford on the River Thames at Farmoor (T3). These sites 
were considered ‘at risk’ sites by Thames Water through previous spot 
sample monitoring approaches. Moderate-to-high concentrations of 
metaldehyde were expected. 
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Figure 2. 10 Map of sampling locations. 
2.6.3 Deployment period 
This preliminary field trial was undertaken within the autumn season (7 
October – 2 December) this coincides with metaldehyde peak usage season 
(31 August – 1 December). It has been seen in Section 2.5 that the 
Chemcatcher® passive sampler shows a linear uptake of metaldehyde over a 
14-day period. Therefore, following the Chemcatcher® deployment procedure 
described in Section 2.4, Chemcatcher® samplers were deployed for four 14 
day intervals. This allowed for limited biofouling to accumulate on the PES 
membrane. (Figures 2.11-2.13) 
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2.6.4 Comparison of rainfall data 
As discussed in Section 1.6.2 one of the primary pathways for metaldehyde 
into surface water is through field drainage systems and farm run-off during 
heavy rainfall events. A rainfall event for this project is defined as a total 
rainfall of above or equal to 15 mm over a three-day period. It must be noted 
that an event which consists of heavier rainfall over a prolonged period can 
cause more of a response in metaldehyde concentrations observed. 
Furthermore, farmers are warned against the use of metaldehyde when heavy 
rainfall is forecast. This leads to the application of metaldehyde over dry 
periods. Therefore, a rainfall event following a dry period is more likely to 
result in high concentrations of metaldehyde in surface water. It is therefore 
important to compare rainfall data with metaldehyde concentrations within 
surface waters. Rainfall over the deployment period had been measured and 
compared with concentrations of metaldehyde obtained using both sampling 
techniques. (Figures 2.11-2.13). 
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2.6.5 Results 
 
 
 
 
 
 
 
 
 
 
Figure 2. 11  Concentration of metaldehyde (ng L−1) found in UoP and 
Thames Water spot samples of water ( ⚫ , ◼ ) respectively and time-
weighted average (TWA) concentrations found with the Chemcatcher® 
passive sampler with error bars (_____)  at Grimsbury reservoir (T1) 
during the greater River Thames field trial (7 October - 2 December 
2015). Daily rainfall (mm) in the South East England area (HadUKP 
http://www.metoffice.gov.uk/hadobs/hadukp/) is also shown. The line 
(∙∙∙∙∙∙∙) shows the European Union's Drinking Water Directive limit of 100 
ng L−1 for a single pesticide. The limit of quantification for spot samples 
of water was 9 ng L-1 and for extracts obtained from the Chemcatcher® 
passive sampler was 0.45 ng L-1. 
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Figure 2. 12  Concentration of metaldehyde (ng L−1) found in UoP and 
Thames Water spot samples of water ( ⚫ , ◼ ) respectively and time-
weighted average (TWA) concentrations found with the Chemcatcher® 
passive sampler with error bars (_____) at River Enborne in West 
Berkshire (Shalford Bridge (T2)) during the greater River Thames field 
trial (7 October - 2 December 2015). Daily rainfall (mm) in the South 
East England area (HadUKP 
http://www.metoffice.gov.uk/hadobs/hadukp/) is also shown. The line 
(∙∙∙∙∙∙∙) shows the European Union's Drinking Water Directive limit of 100 
ng L−1 for a single pesticide. The limit of quantification for spot samples 
of water was 9 ng L-1 and for extracts obtained from the Chemcatcher® 
passive sampler was 0.45 ng L-1. 
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Figure 2. 13  Concentration of metaldehyde (ng L−1) found in UoP and 
Thames Water spot samples of water (⚫ , ◼ ) respectively and time-
weighted average (TWA) concentrations found with the Chemcatcher® 
passive sampler with error bars (_____) at River Thames at Farmoor (T3) 
during the greater River Thames field trial (4 November -2 December 
2015). Daily rainfall (mm) in the South East England area (HadUKP 
http://www.metoffice.gov.uk/hadobs/hadukp/) is also shown. The line 
(∙∙∙∙∙∙∙) shows the European Union's Drinking Water Directive limit of 100 
ng L−1 for a single pesticide. The limit of quantification for spot samples 
of water was 9 ng L-1 and for extracts obtained from the Chemcatcher® 
passive sampler was 0.45 ng L-1. 
The raw data for the pilot study can be found in Appendix 1. 
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2.6.6 Discussion 
2.6.7 Variation of metaldehyde concentrations based on spot 
sampling techniques 
The concentration of metaldehyde found using spot sampling techniques 
from all three locations within the Greater Thames catchment is shown in 
Figures 2.11 – 2.13. These sites were chosen for the previous presence of 
metaldehyde detected during routine operational monitoring activities 
undertaken by Thames Water. In this part of the Greater Thames catchment 
arable farming is prominent, hence high molluscicide usage was expected as 
deployment dates coincide with peak usage season (31 August – 1 December). 
The data shows that spot samples collected and analysed by Thames Water 
are often very different to those collected by the author and analysed by 
NRW. As the majority of samples taken were on different days, a correlation 
calculation was performed on the two data sets over the entire deployment 
period at all three locations combined. This gave a correlation coefficient of 
0.81. This illustrates a positive correlation with relatively good agreement 
between the “Thames” and “UoP” spot samples. It must be noted that the 
correlation coefficient was unlikely to be exactly 1 as spot samples were 
collected at different points on the water body, during different times of the 
day and often days apart. As metaldehyde is known to be a sporadic 
pollutant it is unlikely that samples taken even mere minutes apart would 
yield the same results. Moreover sample analysis undertaken at different 
laboratories using differing analytical devices will yield even less congruence. 
Despite these possible margins of error both spot sample data sets were in 
good agreement with a correlation coefficient of 0.81. 
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At the first site at Grimsbury reservoir concentrations of metaldehyde in the 
surface waters were found to exceed the permitted PCV in several instances 
with concentrations varying between 47–309 ng L-1. These exceedances 
occurred when there was prolonged heavy rainfall within the area. However, 
it must be noted that it is difficult to directly compare concentrations of 
metaldehyde with rainfall as other additional factors can affect metaldehyde 
concentrations within surface waters such as soil moisture deficit, especially 
where the catchment remained relatively dry (1.9 mm average daily rainfall). 
At the second site at the River Enbourne concentrations of metaldehyde 
remain relatively low (50 ng L-1 median concentration) apart from one 
occasion (7th October see Figure 2.12) where the concentration of metaldehyde 
is measured as high as 411 ng L-1. The peak concentration of metaldehyde is 
observed after peak rainfall within the catchment (13 mm 7th October). Due to 
no rainfall data prior to this date, a rainfall event as described in Section 2.6.4 
cannot be confirmed. 
The final site (River Thames at Farmoor) was introduced later within the field 
trial. Concentrations of metaldehyde at this site remained relatively low with 
only two exceedances of permitted PCV (11 and 18 November). 
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2.6.8 Comparison of Chemcatcher® TWA and Spot sampling 
data for metaldehyde 
Chemcatcher® TWA measurements work under the assumption that the 
pollutant is freely dissolved in the water column, this is expected with 
metaldehyde due to a high polarity (log KOW = 0.12). Laboratory calibrations 
discussed in Section 2.5 had shown no measurable lag phase in the uptake of 
metaldehyde by the Chemcatcher® passive sampling device. TWA 
concentrations of metaldehyde measured using the Chemcatcher® were 
calculated using Equation 4 as discussed in Section 1.6.1. All samplers 
deployed through this field trial displayed limited biofouling of the PES 
membrane. Values obtained using Chemcatcher® TWA are shown in Figures 
2.11 to 2.13. At all sites, the concentration obtained using the Chemcatcher® 
passive sampler followed a similar pattern to that found using spot sampling. 
At the first site at Grimsbury reservoir, all Chemcatcher® TWA concentrations 
of metaldehyde are above permitted PCV apart from one deployment (18 
November – 2 December) where concentrations fall alongside spot sample 
concentrations. The first two deployments at this site have Chemcatcher® 
TWA above all spot samples over the deployment period. These results 
suggest that infrequent spot sampling has missed peak concentrations of 
metaldehyde in which the Chemcatcher® has monitored through constant 
measuring of the water. However, it must be noted that the direct comparison 
of both monitoring techniques can be difficult, particularly where 
concentrations can be episodic (Fernández et al., 2014; Morrison et al., 2016; 
Zhang et al., 2016). Furthermore, evidence within the literature suggests polar 
passive samplers may be unable to fully integrate stochastic events, 
particularly where concentrations can change drastically over time (Criquet et 
al., 2017; Novic et al., 2017). As we have discussed in the previous chapter, the 
uptake of metaldehyde onto the Chemcatcher® passive sampler is relatively 
low (16 mL day-1) and can lead to under sampling. However, throughout this 
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field trial, Chemcatcher® TWA concentration were found to be higher than 
those from spot samples taken over the same period. A possible reason for 
this is a peak in metaldehyde missed using weekly spot samples, another 
could be an increase in Rs due to more turbulent river conditions due to heavy 
rainfall in the catchment. 
At the second site at the River Enbourne, similar results are observed with 
three out of four Chemcatcher® TWA above permitted PCV. TWA values 
obtained follow a similar pattern to those obtained using spot sampling 
techniques, with the exception of deployment 4 -18 November where due to 
low sampling rates, Chemcatcher® TWA concentration had underestimated 
concentrations of metaldehdyde when compared to weekly spot samples. 
Data on the concentration of metaldehyde in the river between the weekly 
sampling points is absent, so it is impossible to predict upwards or towards 
trends over these periods. It can also be observed that spot samples taken on 
the 7 of October and 2 December gave a much higher concentration than the 
average calculated using the Chemcatcher® passive sampler. This could be the 
result of a short-lived peak which came through the riverine at the time of 
sampling, highlighting just how sporadic metaldehyde in the environment 
can be. It must be noted that the Chemcatcher® will not give the peak 
concentration as observed in Figure 2.12. This data is, however, still of great 
importance as the TWA will not miss a peak in concentration, which can often 
be the case when using spot sampling methods. 
The final site, which had been introduced later in the field trial, again shows 
good comparability with spot samples taken over the deployment period with 
the first deployment having a TWA over permitted PCV. This was to be 
expected with all sites due to nearby arable farmland where metaldehyde 
usage was guaranteed. 
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2.7 Conclusions 
The TWA concentrations for metaldehyde obtained from the Chemcatcher® 
represent an integration of the values over the 14 day sampling period. Due to 
fluctuations expected over this time interval comparing directly data obtained 
from the two monitoring approaches can be difficult as concentrations 
between spot samples are not known. However, there are clear trends 
between the two data sets. The Chemcatcher® can be seen as a complementary 
tool to infrequent spot sampling, especially where more frequent spot 
sampling is not a viable option due to lack of workforce, time and funding. As 
a complimentary tool the methods are able to better trace diffuse, sporadic 
inputs of metaldehyde within a catchment and helping to identify specific 
tributaries within a catchment at risk of breaching the Drinking Water 
Directive regulatory limit for pesticides. This work has highlighted peak 
concentrations of metaldehyde reached at three sites in the Greater Thames 
catchment during peak application season. Results have shown both 
techniques are able to monitor inputs of metaldehyde effectively. However, 
more research and data is needed to monitor this seasonal pollutant 
throughout a typical year. 
2.8 Chapter Summary 
This chapter presented the research methodology used throughout this 
project, specifically the methodology for using the Chemcatcher® passive 
sampler for the monitoring metaldehyde in surface waters. 
This is the first time the Chemcatcher® passive sampler has been calibrated for 
the monitoring of metaldehyde. This chapter has successfully proven the 
assumption that limited desorption occurs whilst monitoring metaldehyde 
using the Chemcatcher® passive sampler. Additionally, this chapter has 
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successfully demonstrated the linear uptake of metaldehyde to the HLB disk 
with a laboratory uptake of 15.7 mL day-1, thus allowing for quantification of 
metaldehyde in water. Moreover, the addition of an in-situ calibration has 
proven the stability of the Chemcatcher® uptake of metaldehyde with similar 
values observed using both calibration techniques. 15.7, 17.8 mL day-1 
corresponding to laboratory and in-situ calibrations respectively. The pilot 
study documented in this chapter has shown the effectiveness of the 
Chemcatcher® passive sampler for monitoring metaldehyde in the field 
throughout the metaldehyde peak usage season. This is the first documented 
field study for the Chemcatcher® passive sampler using this novel 
configuration and uptake rates for the monitoring and quantification of 
metaldehyde in surface waters.  Furthermore, this chapter has begun to form 
a database in which the Chemcatcher® TWA concentration of metaldehyde 
can be compared with infrequent spot sample data. 
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Chapter 3 Measuring metaldehyde in 
surface waters in the UK using two 
monitoring approaches 
3.1 Introduction 
Following the successful pilot study for the Chemcatcher® passive sampler 
(described in Section 2.6) a separate study was undertaken to investigate the 
use of the Chemcatcher® passive sampler for monitoring metaldehyde in 
surface waters within the River Thames catchment for an entire year. This 
chapter compares the use of the Chemcatcher® passive sampler alongside 
infrequent spot sampling methods for six riverine sites in the River Thames 
basin. The performance of the device is evaluated alongside spot water 
sampling (typically every 7 to 14 days) undertaken as part of routine water 
quality monitoring programmes. By undertaking a yearlong investigation, we 
are able to encompass the agricultural application period of metaldehyde 
(between August and December) at all sites. Chemcatcher® TWA data, along 
with weekly spot sample results obtained from this year-round study are 
discussed. All information from this chapter is direct extracts taken from the 
published paper ‘Measuring metaldehyde in surface waters in the UK using 
two monitoring approaches’. 
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3.2 Site selection 
The River Thames is the longest river in England (255 km) with the catchment 
covering ~ 10,000 km2 in Southern England. The river supplies drinking water 
to approximately 14 million people. Precipitation in the catchment ranges 
from 600-900 mm y-1. The main land-use type is arable agriculture, which 
covers about 57% of the whole catchment. The average water concentration of 
metaldehyde between 2011 and 2015 was above the PCV at 31 out of 140 sites 
across the Thames catchment (Lu et al., 2017). For this field trial, six sites 
within the greater River Thames catchment were selected for investigation 
(Figure. 3.1). These were identified as ‘at risk’ sites by Affinity Water Ltd. and 
Thames Water within their on-going ‘risk-based’ monitoring programmes. 
Three sites were in the borough of Epping Forest on Cobbins Brook 
(Swimming Pool (T1); Galley Hill (T2); Cobbins End (T3)). These locations 
were predominantly non-irrigated arable land (62%) and pastures (18%). 
Surface water bodies accounted for 0.65% of coverage. (Rae, 2017). Higher 
concentrations were expected in the surface water at these sites due to run-off 
from the surrounding arable farmland. Two sites were situated within 
Tillingbourne (River Wey (T4)) and Weybridge (Lower Wey (T5)). Here arable 
land coverage was much lower (4-16%) with some surface water bodies 
present (2-7%) (Rae, 2017). Hence, lower concentrations of metaldehyde were 
expected to enter surface water bodies in this region. The final site was 
located on the River Enborne in West Berkshire (Shalford Bridge (T6)). In this 
area, arable land coverage was 50% and surface water bodies 0.5% (Rae, 2017). 
The trial was undertaken between 20 July 2016 and 20 July 2017. 
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Figure 3. 1 Map of sampling site locations and land use within the River 
Thames basin. Key to the location of sampling sites: Cobbins Brook 
(Swimming Pool (T1)); Galley Hill (T2); Cobbins End (T3); 
Tillingbourne (River Wey (T4)); Weybridge (Lower Wey (T5)) and the 
River Enborne in West Berkshire (Shalford Bridge (T6)).  
3.3 Deployment period 
Chemcatcher® passive samplers were deployed in duplicate at all six sites for 
twenty-six consecutive fourteen-day sampling periods from the 20 July 2016 – 
20 July 2017. This allowed for the incorporation of metaldehyde peak usage 
season 31 August – 1 December. This permits the comparison of metaldehyde 
concentrations in water both when metaldehyde is being applied and when 
metaldehyde is no longer being used as crop protection. 
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3.4 Spot water sample methodology 
For this field trial, regular spot samples of river water were collected by 
Thames Water and Affinity Water Ltd. as part of their routine water quality 
monitoring programme. Over the twelve-month period, the frequency of 
collection varied but was typically between 7 and 14 days. Spot samples of 
water were collected into either 250 mL plastic bottles (Thames Water) or 40 
mL amber screw top glass bottles with 0.36 % w/v sodium thiosulphate 
solution (0.25 mL) added as a preservative (Affinity Water Ltd.). Samples 
were stored at ~ 4 °C until analysis (within two weeks of collection). The 
laboratory used a routine and validated electrospray ionisation LC-MS/MS 
(Agilent 6490) method for the quantification of metaldehyde in the water 
samples. Samples were analysed by an on-line solid-phase extraction system 
interfaced to the liquid chromatograph. The mobile phase was a 0.1 % acetic 
acid:acetonitrile gradient. Before analysis water samples were spiked with 
deuterated metaldehyde-d16 (> 99 atom % deuterium) as an internal standard 
and sodium thiosulphate. Spot water samples were analysed by Thames and 
Affinity Water laboratories using multiple reaction monitoring MS/MS, with 
the sodium adduct ion formed with metaldehyde monitored by the first 
quadrupole. The LoQ of the method was 9 ng L-1, calculated as three times the 
LoD. 
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3.5 Results and discussion 
3.5.1 Spatiotemporal variation of metaldehyde based on spot 
sampling. 
The concentration of metaldehyde found in spot samples of water from the 
six locations (Figure 3.1) within the greater River Thames catchment is shown 
in Figures. 3.2 and 3.3 (sites T1 and T6 respectively) and in S12-15 in 
Appendix 2 (paper 4 supplementary information) (sites T2-T5). Raw data can 
be found in Appendix 1. These locations were selected for investigation as 
metaldehyde had been found previously during monitoring activities 
undertaken by Affinity Water Ltd. and Thames Water and were considered 
‘at risk’ sites. Several sites (T1-T3) were chosen as in this part of the catchment 
there are significant areas of autumn sown brassicas, oilseed rape and winter 
wheat, hence there is wide spread agricultural use of molluscicides. It was 
expected farmers in these areas abide the MSG ‘Get Pelletwise’ guidelines. 
The maximum application rate stated in these guidelines is 210 g 
metaldehyde per hectare. The time period of the trial coincided with the 
permitted application period of metaldehyde in the UK (between 1 August - 
31 December). As was found in previous field studies, there were several 
instances where metaldehyde could not be detected in the spot samples of 
water. In the greater River Thames catchment, this varied between 6-69% 
(Table 3.1). Metaldehyde was most frequently detected in the three Cobbins 
Brook sites. 
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Table 3. 1 Number of spot samples of water collected at River Thames 
catchment and those above or below the limit of quantification (LoQ) of 
the analytical method used. 
 
 
 
 
 
Site name Site 
code 
Number of 
spot 
samples 
water 
collected 
Number of 
spot 
samples of 
water above 
LoQ 
Number of 
spot 
samples of 
water below 
LoQ 
Percentage 
below LoQ 
Cobbins Brook 
(swimming pool) 
T1 35 33 2 6 
Cobbins Brook  
(Galley hill) 
T2 35 33 2 6 
Cobbins Brook  
(Cobbins end) 
T3 35 33 2 6 
River Wey 
(Tillingbourne) 
T4 29 9 20 69 
Lower Wey  
(Weybridge) 
T5 29 9 20 69 
River Enbourne 
(Shalford bridge) 
T6 54 32 22 41 
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The trial captured the permitted agricultural application period of 
metaldehyde. At the three sites at Cobbins Brook (T1-T3), there were elevated 
concentrations of metaldehyde (up to 4,180 ng L-1). There were several 
exceedances of the permitted PCV (~12-42 times higher) during the period 1 
August to 31 December 2016. As metaldehyde is difficult to remove in 
drinking water treatment works this could be problematic if such waters were 
abstracted for the production of potable supplies. These exceedances occurred 
when there was increased rainfall in the catchment. In particular, during 
rainfall events as observed on 18 November at site T1. Metaldehyde 
concentrations were compared against rainfall as direct run off from arable 
farm land after rainfall was highlighted as the primary contributor to 
metaldehyde concentrations in water. Higher concentrations were not 
unexpected as this area contains extensive horticultural and arable farmland 
that drains directly into the brook. Previous work in the River Thames 
catchment has shown that the rate of application of slug pellets is the key 
factor of increased concentrations of metaldehyde in surface waters (Lu et al., 
2017). However, it is difficult to link concentrations of metaldehyde found in 
the River Thames catchment directly to rainfall events during the study as 
there is a number of additional influential factors within the catchment that 
need to be taken into consideration (Castle et al., 2017b). These include 
method and application rates of metaldehyde, croppage, field slope and 
drainage, soil type and moisture deficit. The significance of each of these 
factors on the concentration of metaldehyde found within such a complex 
river catchment is impossible to predict with certainty. At the other three sites 
(T4-T6) the concentration of metaldehyde was lower, with just one 
exceedance of the PCV (130 ng L-1 on 22 November 2016 at T6). The use of 
molluscicides at these locations is lower due to the type of land coverage (a 
mixture of arable, grassland and built up areas with gardens). 
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Figure 3. 2 Concentration of metaldehyde (ng L−1) found in spot samples 
of water (⚫) and time-weighted average (TWA) concentrations found 
with the Chemcatcher® passive sampler with error bars (_____) at 
Cobbins Brook (Swimming Pool (T1)) during the greater River Thames 
field trial (July 2016-July 2017). Daily rainfall (mm) in the South East 
England area (HadUKP http://www.metoffice.gov.uk/hadobs/hadukp/) 
is also shown. The line (∙∙∙∙∙∙∙) shows the European Union's Drinking 
Water Directive limit of 100 ng L−1 for a single pesticide. The grey 
shaded boxes indicate the time period in the UK when metaldehyde is 
applied agriculturally to land. The limit of quantification for spot 
samples of water was 9 ng L-1 and for extracts obtained from the 
Chemcatcher® passive sampler was 0.45 ng L-1. 
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Figure 3. 3 Concentration of metaldehyde (ng L−1) found in spot samples 
of water (⚫) and time-weighted average (TWA) concentrations found 
with the Chemcatcher® passive sampler with error bars (_____) at River 
Enborne in West Berkshire (Shalford Bridge (T6)) during the greater 
River Thames field trial (July 2016-July 2017). Daily rainfall (mm) in the 
South East England area (HadUKP 
http://www.metoffice.gov.uk/hadobs/hadukp/) is also shown. The line 
(∙∙∙∙∙∙∙) shows the European Union's Drinking Water Directive limit of 100 
ng L−1 for a single pesticide. The grey shaded box indicate the time 
period in the UK when metaldehyde is applied agriculturally to land. 
The limit of quantification for spot samples of water was 9 ng L-1 and 
for extracts obtained from the Chemcatcher® passive sampler was 0.45 
ng L-1. 
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3.5.2 Comparison of Chemcatcher® and spot sampling data for 
metaldehyde 
The amount of metaldehyde found in all the field blank samplers was below 
the LoQ (< 0.45 ng L-1). For all samplers deployed throughout the trial, there 
was minimal biofouling of the PES membrane. Due to its high polarity (log 
KOW = 0.12) it was expected that metaldehyde will be freely dissolved in the 
water column, with limited binding to any particulate or dissolved organic 
matter present. Calibration experiments carried out in temperature-controlled 
laboratories discussed in Section 2.5.5 had shown that there was no 
measurable lag phase in the uptake of metaldehyde by the Chemcatcher® 
(Castle et al., 2018b). TWA concentrations of metaldehyde were calculated 
using Equation 4. The mean values obtained from the duplicate deployments 
are shown in Figures 3.2 and 3.3 (site T1 and T6 respectively) and in S12-15 in 
Appendix 2 (paper 4 supplementary information) (sites T2 – T5). Sampler 
deployments were restricted to 14 days as inputs of metaldehyde into river 
catchments are known to be episodic (Castle et al., 2018b). Restricting 
deployments to this time period also minimised any likelihood of biofouling 
on the surface of the PES membrane. 
It was estimated (using Equation 4 and the Rs value obtained in Chapter 2) 
that even for short periods of time (e.g. pollutant present for 1 day out of a 
total deployment period of 14 days at a concentration of metaldehyde of only 
6 ng L-1) sufficient sequestration of metaldehyde would be obtained on the 
receiving phase disk (~ 0.1 ng) for quantitative analysis. 
At all sites, the TWA concentrations of metaldehyde followed a similar 
pattern to the concentrations found using the spot water sampling approach. 
It needs to be recognised in the interpretation of the two sets of data, that the 
LoQ for the analysis of the extracts obtained from the Chemcatcher® is ~ 20 
times lower than that obtainable by the analysis of spot samples of water. 
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Hence, unlike with the spot samples of water (see Table 3.1), metaldehyde 
could be detected in all the extracts obtained from the Chemcatcher®. This 
therefore represents a significant advantage of using passive sampling 
methods in river catchment investigations. As with the spot samples higher 
TWA values were found during the agricultural application period for 
metaldehyde and during elevated rainfall periods. It is difficult to compare 
directly the water quality data obtained using the two monitoring techniques, 
particularly where the concentration of pollutant is episodic (Fernández et al., 
2014; Morrison et al., 2016; Zhang et al., 2016). Firstly, there is no information 
on how the concentration of metaldehyde varied in the time interval between 
collections (typically every 14 days) of spot samples of water. This is 
particularly important for pollutants such as metaldehyde, where infrequent 
spot sampling can easily miss sporadic inputs. Secondly, there is evidence 
from other field trials that polar passive samplers are unable to fully integrate 
stochastic events where there are rapidly changing concentrations of 
pollutants as could be occurring in the River Thames catchment (Criquet et al., 
2017; Novic et al., 2017).  
For metaldehyde, its relatively low Rs value (16 mL day-1) may lead to an 
under-sampling (poor integration) of a rapidly (e.g. a few hours) occurring 
pollution event. The inverse, however, appears to have occurred at one 
occasion (corresponding to the highest rainfall) during the prolonged 
pollution events within the agricultural application period. Here, at all sites 
apart from Cobbins Brook (T1), the TWA concentrations obtained from the 
Chemcatcher® were overestimates compared to the spot water sample 
concentrations for the same period. One possible reason is that the Rs value 
increased due to the more turbulent conditions as a consequence of higher 
water flow rates in the catchment. This would lead to an increased 
sequestration of metaldehyde and hence a higher TWA concentration being 
calculated (Equation 4). In the laboratory, Rs was measured as 16 mL day-1 
(water temperature = 5.0 ± 1.0 °C and water velocity ~ 0.2 m s−1). For example, 
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at Cobbins Brook (T1) on 30 August, the concentration of metaldehyde in the 
spot sample of water was 37 ng L-1 (see Figure 3.2). The mass of metaldehyde 
sequestered on the HLB-L receiving phase for the Chemcatcher® deployed 
between 18 – 31 August 2016 was 38 ng. Using these values in Equation 4 this 
resulted in an Rs = 148 mL day-1, approaching ten times the value measured in 
the laboratory study discussed in Section 2.5.5 (Castle et al., 2018b). This 
deployment period coincided with high rainfall in the catchment that would 
have led to high water flows in the brook. These findings indicate that the Rs 
value is sensitive to water velocity. It is also expected that in periods of low 
water flow, the inverse would apply and Rs would decrease. 
One solution to overcome this difficulty of the Rs varying with changing 
environmental conditions during field deployments is the use of performance 
reference compounds (PRCs). PRCs have been shown to be effective with 
samplers used for the sequestration of non-polar pollutants (Allan et al., 2009; 
2010). The effectiveness of this concept for use with polar passive samplers is 
not fully proven and alternative solutions such as the use of passive flow 
monitors (e.g. rate of dissolution of calcium sulphate casts) and increasing 
membrane resistance have been suggested and warrant further study with the 
Chemcatcher® (Booij et al., 2017; Fauvelle et al., 2017). 
3.5.3 Potential use of passive samplers in routine regulatory 
monitoring programmes 
Understanding the sources, fate and fluxes of polar pollutants in a complex 
river catchment is difficult using routine monitoring procedures such as 
infrequent spot water sampling. As this study has demonstrated, 
metaldehyde is a highly stochastical pollutant due to application times and 
rates of slug pellets, land use and the influence of rainfall. Spot sampling 
(every two or four weeks) can miss pollution inputs, as there is no 
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information on the environmental status of the river between these sampling 
events. A solution to this is higher frequency monitoring or through the use of 
automated time triggered sampling devices, however, this approach is 
expensive (Davey et al., 2014). Furthermore, these automated type samplers 
can only be used at secure locations due to vandalism and theft 
considerations. 
In recent years there has been an increased interest in the use of passive 
sampling devices to overcome some of the above shortcomings of spot 
sampling procedures. Work in this area for detecting and measuring a wide 
range of key substances is already proving successful and leading to a better 
knowledge of the sources and transport of pollutants within surface water 
systems (Lissalde et al., 2014; Poulier et al., 2014; Van Metre et al., 2017; Zhang 
et al., 2016). Additionally, there have been a number of publications 
highlighting their benefits within investigative monitoring activities within 
the remit of the European Union’s Water Framework Directive and other 
regulatory water quality monitoring programmes (Jones et al., 2015; Poulier et 
al., 2014). As shown in our study, key to the acceptability of the passive 
sampling approach by regulators and other end-users is an improved 
understanding of the comparability of different sampling strategies (spot, 
event triggered or passive) particularly for pollutants (e.g. acidic herbicides, 
metaldehyde) that are present episodically in river catchments (Roll & 
Halden, 2016). 
An additional use of passive samplers is to generate TWA concentrations that 
can be used in combination with in situ flow data to estimate monthly or 
annual fluxes of specific pollutants (Zhang et al., 2016). This information can 
be used to better inform environmental risk assessments at the catchment 
scale. Furthermore, deploying passive samplers at the intake of water supply 
works could be beneficial in estimating annual loads of pollutants entering 
the plant. Such an approach is being used effectively by South West Water 
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Ltd. for acidic herbicides at a works on the River Exe (personal 
communication). The data obtained is proving to be useful in aiding the 
operability of the treatment processes, such as when to regenerate the 
granular activated carbon beds. 
3.6 Conclusion 
This field trial is the first to show how the concentrations of metaldehyde in 
the River Thames catchment are affected by the application period of slug 
pellets and after rainfall events. Both spot water sampling and passive 
sampling techniques were able to effectively monitor stochastic inputs of the 
molluscicide. In some instances, however, the concentration of metaldehyde 
in spot water samples was below the LoQ of the analytical method. The 
techniques gave contrasting, yet comparable, information on pollution events 
in the catchments. However, comparing directly the concentrations derived 
from these methods is difficult.  
There are benefits in using passive samplers to further the understanding of 
sources and transport of polar pollutants within riverine systems. For 
example, TWA values have the potential to be used to generate more 
meaningful pollutant data to check against annual average environmental 
quality standards (EQS) within the European Union’s Water Framework 
Directive. This field trial has shown that the Chemcatcher® passive sampler 
has the potential to be used in the regulatory monitoring of metaldehyde in 
surface waters. One disadvantage however, can be the turnaround of data as 
average deployments last 14 days prior to analysis. Although this can be a 
drawback to regulatory monitoring, this technique has the potential to reduce 
missed peaks in concentrations observed through spot sampling.  
Furthermore, TWA concentrations (e.g. collected over a 14 day interval rather 
than infrequent spot water sampling measurements) can be beneficial when 
  
140 
 
assessing the advantages of additional farm support measures, financial 
incentives and impacts of environmental remediation strategies (e.g. 
substitution of metaldehyde with ferric phosphate). Such time-weighted data 
on concentrations could be included in biogeochemical transport models such 
as the INCA-contaminants. Application of this model has recently been 
described for metaldehyde by Lu et al. (2017).  
Some knowledge gaps still remain, as passive samplers such as the 
Chemcatcher® can only measure average concentrations over time rather than 
real-time sporadic concentrations in the aquatic environment. Additionally, 
passive samplers cannot measure peak concentrations of pollutants within an 
environmental system. When concentrations were elevated in the river there 
is some evidence that the Chemcatcher® can overestimate the TWA 
concentration. Although this is not an ideal situation, making environmental 
decisions on these measurements, however, is risk limited for water supply 
companies and regulators. In order to obtain more robust TWA data, a further 
understanding is needed on desorption and uptake mechanisms of 
metaldehyde using the Chemcatcher®, as well as a comparative study against 
on-line sampling techniques. Despite these concerns, the Chemcatcher® can 
provide further information for catchment management strategies, 
particularly at locations where surface water is abstracted for potable 
supplies. 
3.7 Chapter summary 
Chapter 3 covers the first use of the Chemcatcher® passive sampler for 
monitoring metaldehyde over an entire year. This work has successfully 
proven the effective use of the Chemcatcher® passive sampler for monitoring 
metaldehyde even at low concentrations observed in the summer months. 
Furthermore, expected seasonal flow velocity within the riverine 
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environments has shown no effect on metaldehyde uptake by the sampler, 
thus further proving the robustness of the device for monitoring 
metaldehyde. This field trial resulted in an extensive database for 
metaldehyde monitoring in the Greater Thames catchment. This data can be 
used for future catchment modelling where robust reliable past data is 
needed. This chapter has showed that both spot water sampling and passive 
sampling techniques were able to effectively monitor stochastic inputs of the 
molluscicide. Furthermore, this chapter has presented the use of the 
Chemcatcher® as a complementary tool to infrequent spot sampling methods 
for monitoring metaldehyde in surface waters throughout the year where 
techniques gave contrasting, yet comparable, information on pollution events 
within the catchment. 
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Chapter 4 Comparison of different 
monitoring methods for the 
measurement of metaldehyde in 
surface waters 
4.1 Introduction 
In the previous chapters Chemcatcher® TWA concentrations and spot water 
samples have been compared at different riverine environments at various 
times of the year. Results have shown difficulty when comparing directly the 
water quality data obtained using the two monitoring techniques, particularly 
where the concentration of pollutant is episodic as there is no information on 
how the concentration of metaldehyde may vary between samples. This 
chapter compares the use of four monitoring techniques with different 
sampling frequencies thus producing more information on concentration 
variation between samples. This chapter evaluates the performance of the 
Chemcatcher® passive sampler alongside spot water samples (weekly), 
automated bottle samples (daily), and on-line gas chromatography/mass 
spectrometry (GC/MS) (~ hourly). All information in this chapter is a direct 
extract from the paper ‘Comparison of different monitoring methods for the 
measurement of metaldehyde in surface waters’. 
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4.2 Site selection 
The trial was undertaken at Mimmshall Brook, which is situated in 
Hertfordshire, Southern England. This river catchment area is primarily 
arable farmland (20.8 km2) growing oil seed rape (3.12 km2), winter wheat 
and other cereals (11.5 km2). Both metaldehyde and ferric phosphate are used 
in this area agriculturally to control mollusc infestations. Part of the brook 
flows into a large karstic swallow hole system where it mixes with 
groundwater. This swallow hole system is made up of over fifteen sink holes 
where two streams drain from the London clay. These swallow holes 
constitute the drainage outlet of the largest enclosed karstic basin in England. 
The resultant water in the swallow holes are heavily influenced by the quality 
of the surface water. This mixed water source is abstracted (9.09 ML day-1) by 
Affinity Water Ltd., the local drinking water supply company. This source 
together with three others are used as potable supplies (31.5 ML day-1) 
supplying a large population within Hertfordshire and North London. Over 
the past eight years, concentrations of metaldehyde above the PCV have been 
detected frequently in this water that supplies the drinking water treatment 
plant. This presents an operational risk for the company. Inside the plant the 
supply water from groundwater influenced by the swallow hole network is 
first clarified to reduce turbidity and then passed over granular activated 
carbon beds (for removal of organic chemicals), followed by membrane ultra-
filtration and finally disinfection.   
4.3 Monitoring at Mimmshall Brook 
Three different monitoring techniques (spot sampling, automated bottle 
sampling and passive sampling) were trialled at Mimmshall Brook between 
17 October and 14 November 2017. This period coincides with the agricultural 
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application of metaldehyde in the river catchment. Over the trial, the water 
temperature in the Brook varied between 8.0-12.5 °C. 
4.3.1 Spot water sampling 
Over the trial, two independent sets of spot water samples were collected by 
the University of Portsmouth (weekly duplicates) and Affinity Water Ltd. 
(five samples collected as part of their routine water quality monitoring 
programme). Spot samples collected and analysed in this study following 
methods previously described in Sections 2.3 and 2.4 (University of 
Portsmouth) and Section 3.4 (Affinity Water Ltd). 
4.3.2 Automated bottle sampling 
A HACH portable automated bottle sampler (model AS950, 
https://www.hach.com/as950-peristaltic-samplers/portable-
samplers/family?productCategoryId=35547137070) was used to collect daily 
(sampler triggered at 09.00 h) water samples (250 mL) over the trial period. 
During the same day, the water sample was removed and then decanted into 
an amber screw top glass bottles (40 mL) containing 0.36 % w/v sodium 
thiosulphate solution (0.25 mL). This was to ensure that the samples were 
collected at the same time each day with no blockage of the autosampler 
intake. Samples were stored at ~ 4 °C (for a maximum of two weeks after 
collection) and were analysed for metaldehyde by Affinity Water Ltd. using 
the analytical procedure as described previously in Section 3.4. 
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4.3.3 Chemcatcher® passive sampler deployment period 
Duplicate Chemcatcher® samplers were deployed (using a robust plastic 
sheet, Figure 2.5) for consecutive two or one week periods. Samplers were 
prepared, deployed and analysed using methods described in Section 2.4. 
4.4 Monitoring in the plant at post-clarifier feed 
Three different monitoring techniques (spot water sampling, on-line GC/MS 
system and passive sampling) were trialled in the post-clarifier feed of the 
drinking water treatment plant coinciding with the agricultural application of 
metaldehyde in the river catchment.   
4.4.1 Spot water sampling 
Two sets of spot water samples were collected by University of Portsmouth 
(duplicate weekly samples between 17 October and 14 November 2017) and 
Affinity Water Ltd. (16 single samples collected as part of their routine water 
quality monitoring programme between 20 October and 28 December 2017). 
Spot samples of water were collected and analysed for metaldehyde using the 
two analytical procedures as described previously in Section 3.4. 
4.4.2 Chemcatcher® passive sampler deployment period 
Chemcatcher® passive samplers were prepared as discussed in Section 2.4.2 
Duplicate samplers were deployed (17 October - 14 November 2017) for 
consecutive periods of either seven days, fourteen days or twenty-eight days 
in a bespoke stainless steel sink enclosure (AT Engineering, Tadley, UK) 
(Figure. 4.1) capable of holding up to six devices on two circular plates. 
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Samplers were attached, using cable ties, face down to stainless steel plates. 
Water from the post-clarifier feed of the drinking water treatment plant was 
piped into the enclosure at a flow rate of ~ 5.5 L min-1 and this allowed an 
upwelling of the water that then overflowed to waste. This design permitted 
the samplers to be continuously exposed to the test water over the trial. The 
water temperature over the trial varied between 11.0-13.5 °C. After each 
deployment period, samplers were removed and handled and analysed for 
metaldehyde using the procedures as described previously in Section 2.4. 
During each deployment and retrieval operation a blank device was exposed 
and then resealed and handled subsequently as for the exposed samplers in 
the tank. 
 
 
 
 
Figure 4. 1 Stainless steel sink enclosure used to deploy Chemcatcher® 
passive samplers at the post-clarifier inlet at the drinking water 
treatment plant. 
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4.4.3 On-line gas chromatography/mass spectrometry system 
Since September 2016 an on-line GC/MS system has been installed at the 
Affinity Water Ltd. drinking water treatment plant. This bespoke system 
analyses three different streams within the plant including the post-clarifier 
feed. The analysis of metaldehyde using this system was undertaken by a 
laboratory technician employed by Affinity Water. The system was installed 
to provide rapid, high-frequency data on the concentration of metaldehyde in 
the water entering and leaving the granular activated carbon bed. The 
approach was to take an existing validated and accredited laboratory-based 
GC/MS method (Maury et al., 2012) for the analysis of metaldehyde and to 
transfer this into a robust, dedicated on-line system at the drinking water 
treatment plant. The GC/MS system comprised an Agilent 7890A gas 
chromatograph (fitted with a GERSTEL cooled injection system) connected to 
an Agilent 7000 triple quadrupole mass spectrometer. Prior to analysis water 
samples were filtered (to reduce turbidity < 1 NTU) and passed through a 
controllable flow cell (1 L min-1) (Ridgeway, 2014) (Figure. 4.2). Samples were 
extracted using a GERSTEL MPS 2 XT dual head device fitted with a pre-
conditioned solid-phase cartridge (20 mg ISOLUTE® ENV+ sorbent, Biotage). 
This hyper-crosslinked hydroxylated polystyrene-divinylbenzene copolymer 
sorbent has a high surface area and is highly retentive of polar analytes. The 
water sample (7.5 mL) together with labelled metaldehyde-d16 internal 
standard (1 mL) was loaded onto the cartridge and allowed to dry for 15 min 
using a nitrogen flow. This ensured a high recovery of metaldehyde. After 
drying the sample was eluted (into a 2 mL GC vial) using dichloromethane 
(400 μL) and then injected (10 μL) directly onto the GC/MS instrument. 
Metaldehyde was quantified using multiple reaction monitoring (Richard., 
2017). The limit of detection of the method was 3 ng L-1. Analysis of each 
stream took approximately 1 h. Quality control samples were extracted and 
run daily to ensure satisfactory operating performance. Data was transmitted 
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telemetrically to the control centre, but it was not linked directly to control 
plant processes.  The whole system was contained in a purpose-built 
laboratory grade, air-conditioned cabin to maintain correct operating and 
environmental conditions. Further details of the methods are provided 
elsewhere (Richard., 2017). 
 
 
 
 
 
 
 
 
Figure 4. 2 GERSTEL dual head multi-purpose sampler with flow cell. 
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4.5 Results and discussion 
4.5.1 Comparison of monitoring methods at Mimmshall Brook 
The concentrations of metaldehyde found in the spot samples of water and 
with the automated bottle sampler over the four-week trial are shown in 
Figure. 4.3 and Table 4.1. Raw data can be found in Appendix 1. Metaldehyde 
was quantifiable in all samples collected and there were frequent marginal 
exceedances of the limit of 100 ng L−1 for a single pesticide set by the 
European Union's Drinking Water Directive. There was general agreement 
between the two monitoring methods with the concentration of metaldehyde 
varying over the trial between 51-137 ng L−1.  
Concentrations of metaldehyde can be seen to vary between spot samples 
collected on the same day. This variation in concentration can be expected as 
samples, although taken on the same date, may have been taken at differing 
times of the day. Moreover, the locations in which spot samples were 
collected were not likely to be the same. Finally, it must be noted that 
metaldehyde is a highly polar pollutant. There was evidence that 
concentrations in the brook changed on a sub-daily basis, indicating highly 
sporadic inputs of the molluscicide. Rainfall in the area over this period 
varied between 0-7 mm (Figure. 4.3). There was a slight association between 
periods of higher rainfall in weeks 3 and 4 and elevated concentrations of 
metaldehyde in the Brook. However, rainfall over the deployment period was 
relatively low with no heavy rainfall event observed. Furthermore, it is 
known to be problematic to link concentrations of metaldehyde found in 
surface water directly to rainfall as there is a number of additional influential 
factors that need to be taken into consideration (Asfaw et al., 2018; Castle et al., 
2017b). These include application rates and methods for metaldehyde, 
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croppage, field slope, drainage, soil type and soil moisture deficit (Lu et al., 
2017).     
The TWA concentrations of metaldehyde measured using the Chemcatcher® 
passive sampler are given in Figure. 4.3 and Table 4.1. The amount of 
metaldehyde found in the field blank samplers was below the LoQ (< 0.45 ng 
L-1). There was no visual evidence of biofouling of the PES membrane over 
the 14-day deployments. The average TWA concentration was higher during 
weeks 3-4 (131 ng L-1) compared with week’s 1-2 (94 ng L-1). For the first 
deployment there was good agreement between the mean values and the 
average TWA concentrations measured by the different monitoring methods 
(Table 4.1). There was less agreement for the second deployment; however, 
the average TWA concentration still fell within the range (56-137 ng L-1) found 
with the University of Portsmouth spot water sampling method. However, 
we have no data to show how the concentration of metaldehyde varied in the 
brook during the periods when spot samples of water were not collected.  
Overall, it can be considered that both approaches gave similar results and 
hence can be used effectively to monitor metaldehyde in aquatic 
environments. This is in agreement with the findings of (Castle et al., 2018a; 
2018b) who also found that the Chemcatcher® gave complementary data to 
that obtained using spot water sampling methods. 
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Figure 4. 3 Concentration of metaldehyde (ng L−1) at Mimmshall Brook 
found in spot samples of water measured by University of Portsmouth 
(⚫), Affinity Water Ltd. (◼) and automated bottle sampler (), together 
with time-weighted average (TWA) concentrations found estimated 
using Chemcatcher® passive sampler with error bars (_____) between 17 
October - 14 November, 2017. The line (∙∙∙∙∙∙∙) shows the European 
Union's Drinking Water Directive limit of 100 ng L−1 for a single 
pesticide. The limit of quantification for spot samples of water was 10 
ng L-1 (University of Portsmouth) and 9 ng L-1 (Affinity Water Ltd.) and 
for extracts obtained from the Chemcatcher® passive sampler was 0.45 
ng L-1. Daily rainfall (mm) in the area measured by the Environment 
Agency weather station (ID 276316TP).  
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Table 4. 1 Mean concentration (± standard deviation) and range of 
metaldehyde (ng L-1) at Mimmshall Brook measured (17 October - 14 
November, 2017) using two spot water sampling procedures and 
automated bottle sampler and time-weighted average (TWA) 
concentrations found in the Chemcatcher® passive sampler. n = number 
of samples. 
Monitoring method Week 1-2 Week 3-4 
University of Portsmouth 
spot water samples 
88 ± 24 
Range = 51-122 
n = 6 
91 ± 29 
Range = 56-137 
n = 6 
Affinity Water Ltd. spot 
water samples 
107 ± 29 
Range = 66-131 
n = 3 
86 ± 26 
Range = 60-112 
n = 2 
Combined spot water 
samples 
95 ± 28 
Range = 51-131 
n = 9 
89 ± 28 
Range = 57-137 
n = 8 
Automated bottle sampler 91 ± 18 
Range = 60-125 
n = 15 
89 ± 26 
Range = 53-135 
n = 15 
Combined spot water and 
automated bottle sampler 
samples 
93 ± 22 
Range = 51-131 
n = 24 
84 ± 27 
Range = 53-137 
n = 23 
Chemcatcher® 1 93 147 
Chemcatcher® 2 95 115 
Chemcatcher® average 94 131 
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4.6 Monitoring in the plant at the post-clarifier 
feed 
4.6.1 Comparison of on-line GC/MS with spot sampling 
methods 
Concentration data from the on-line GC/MS channel was obtained at a 
frequency of approximately every 3 h (giving ~ 600 values) and this is plotted 
for the trial period (17 October-31 December, 2017) in Figure 4.4. Over this 
period there were no values below the limit of detection (3 ng L-1). The novel 
on-line system was capable of operating automatically over extended periods 
giving rugged and robust high-frequency information on the variation of the 
concentration of metaldehyde. We are unaware of such an on-line system 
being in operation at a plant elsewhere. Between 3 and 10 December, 2017 
there was a sustained and elevated concentration (peaking at ~ 500 ng L−1) of 
metaldehyde that exceeded the European Union's Drinking Water Directive 
limit for all of this time period. This concentration is at the limit for ‘total’ 
pesticides permissible in drinking water under the above Directive. This 
exceedance could have presented a potential risk to the operability of the 
drinking water treatment plant if the capacity of the granular activated carbon 
beds was inadequate to completely remove the continual high load of 
metaldehyde. At present the on-line GC/MS instrument is not interfaced to a 
process control centre within the drinking water treatment plant where 
decisions on whether to continue to abstract from the source can be made 
remotely. Once this capability is enabled this will represent a major change in 
the operability of the works, so that additional water treatment is only 
required when a pre-set trigger value is exceeded. This should help to extend 
the lifetime of the granular activated carbon beds and thereby reduce 
operational costs at the plant. 
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The concentration of metaldehyde found in sixteen routine spot water 
samples collected during the trial period are shown in Figure 4.4. There was 
good agreement between the two monitoring approaches, particularly 
considering both use different analytical methods (GC/MS or LC/MS) for 
determining metaldehyde. Fortunately, a spot sample was taken that 
coincided with the peak concentration of metaldehyde on 4 December, 2017, 
otherwise this serious pollution event could easily have been missed using 
this monitoring approach. This is a major drawback of the use of infrequent 
spot water sampling. As was found in the Mimmshall Brook study there was 
no direct link between rainfall and increased concentrations of metaldehyde. 
The major exceedance occurred in a dry period with rainfall not above 0.6 
mm. By early December metaldehyde would have been applied agriculturally 
for the previous four months and this could have led to a build-up of pellets 
on the land. 
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Figure 4. 4 Concentration of metaldehyde (ng L−1) measured in the plant 
post clarifier feed with spot samples of water (Affinity Water Ltd. (◼)) 
and the on-line GC/MS system (- - -) between 17 October-  31 December, 
2017. The line (∙∙∙∙∙∙∙) shows the European Union's Drinking Water 
Directive limit of 100 ng L−1 for a single pesticide. The limit of 
quantification for spot samples of water was 9 ng L-1 (Affinity Water 
Ltd.) and the limit of detection for the on-line GC/MS system was 3 ng 
L-1. Daily rainfall (mm) in the area measured by the Environment 
Agency weather station (ID 276316TP). 
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4.6.2 Comparison of Chemcatcher® with on-line GC/MS and 
spot sampling methods 
TWA concentrations of metaldehyde measured during the different 
Chemcatcher® exposure periods together with the values obtained using the 
on-line GC/MS and spot sampling methods are shown in Figure. 4.5 and 
Table 4.2. Raw data can be found in Appendix 1. Over this more limited trial 
period, there were no exceedances of the European Union's Drinking Water 
Directive limit. As indicated previously, there was good agreement in the 
concentrations measured in both sets of spot water samples (Affinity Water 
Ltd. and University of Portsmouth) and the on-line GC/MS system. The 
amount of metaldehyde found in the exposed Chemcatcher® blank samplers 
was below the LoQ (< 0.45 ng L-1). There was little visual evidence of 
biofouling of the PES membrane over the varying deployment periods. 
Generally, there was good agreement with the TWA concentrations and the 
two other monitoring methods. A higher TWA concentration (72 ng L-1) was 
found in week 1 of the trial compared with the mean value (39 ± 13 ng L-1) 
obtained using the other techniques. The reason for this anomaly is unknown, 
however, a possible cause is that the PES membranes either moved within the 
PTFE sampler body during their preparation or storage or were damaged 
during this deployment. These issues would lead to a greater sequestration of 
metaldehyde similar to that observed previously for acidic herbicides 
(Townsend et al., 2018). There was good agreement in the TWA concentration 
obtained with each of the duplicate samplers for all of the trial periods, 
showing the reproducibility of the device. This is likely to be attributable to 
the use of an immobilised sorbent in the form of a commercially available disk 
as the Chemcatcher® receiving phase (Castle et al., 2018b). This second 
evaluative trial of the Chemcatcher® also shows how the device can provide 
comparable data with that obtained using either infrequent spot water 
sampling or high-frequency on-line monitoring methods. 
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Figure 4. 5 Concentration of metaldehyde (ng L−1) measured in the plant 
post clarifier feed with spot samples of water (University of Portsmouth 
(⚫) and Affinity Water Ltd. (◼)) and the on-line GC/MS system (- - -), 
together with time-weighted average (TWA) concentrations estimated 
using Chemcatcher® passive sampler with error bars (____) between 17 
October - 14 November, 2017. The line (∙∙∙∙∙∙∙) shows the European 
Union's Drinking Water Directive limit of 100 ng L−1 for a single 
pesticide. The limit of quantification for spot samples of water was 10 
ng L-1 (University of Portsmouth) and for extracts obtained from the 
Chemcatcher® passive sampler was 0.45 ng L-1. The limit of detection for 
the on-line GC/MS system was 3 ng L-1. Daily rainfall (mm) in the area 
measured by the Environment Agency weather station (ID 276316TP). 
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Table 4. 2 Mean concentration (± standard deviation) and range of 
metaldehyde (ng L-1) over the different Chemcatcher® exposure periods 
in the plant post clarifier feed measured (17 October - 14 November, 
2017) using two spot sampling procedures and the on-line GC/MS 
system, together with the time-weighted average (TWA) concentrations 
found in the Chemcatcher® passive sampler. n = number of samples. 
Monitoring 
method 
 Week 
1 
Week 
2 
Week 
3 
Week 
4 
Week 
1-2 
Week 
3-4 
Week 
1-4 
University of 
Portsmouth spot 
water samples 
 24 ± 4 
range 
= 19-
29 
n = 4 
28 ± 2 
range 
= 25-
32 
n = 4 
30 ± 2 
range 
= 27-
32 
n = 4 
61 ± 
32 
range 
= 28-
97 
n = 4 
25 ± 4 
range = 
19-32 
n = 6 
51 ± 30 
range 
= 27-97 
n = 6 
40 ± 27 
range 
= 19-97 
n = 10 
Affinity Water 
Ltd. spot water 
samples 
 39 
 
n = 1 
28 
 
n = 1 
21 
 
n = 1 
68 ± 
26 
range 
= 42-
94 
n = 2 
34 ± 6 
range = 
28-39 
n = 2 
52 ± 31 
range 
= 21-94 
n = 3 
45 ± 26 
range 
= 21-94 
n = 5 
Combined spot 
water samples 
 27 ± 7 
range 
= 19-
39 
n = 5 
28 ± 2 
range 
= 25-
32 
n = 5 
28 ± 4 
range 
= 21-
32 
n = 5 
64 ± 
30 
range 
= 28-
97 
n = 6 
27 ± 6 
range = 
19-39 
n = 8 
51 ± 30 
range 
= 21-97 
n = 9 
42 ± 27 
range 
= 19-97 
n = 15 
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On-line GC/MS  42 ± 12 
range 
= 22-
59 
n = 30 
38 ± 4 
range 
= 30-
48 
n = 27 
36 ± 
10 
range 
= 23-
58 
n = 29 
52 ± 
18 
range 
= 32-
99 
n = 24 
40 ± 9 
range = 
22-59 
n = 56 
43 ± 17 
range 
= 23-99 
n = 52 
42 ± 14 
range 
= 22-99 
n = 107 
Combined spot 
water and 
GC/MS samples 
 39 ± 13 
range 
= 19-
59 
n = 35 
36 ± 5 
range 
= 25-
48 
n = 32 
35 ± 
10 
range 
= 21-
58 
n = 34 
54 ± 
22 
range 
= 28-
99 
n = 30 
38 ± 10 
range = 
19-59 
n = 64 
44 ± 20 
range 
= 21-99 
n = 61 
42 ± 16 
range 
= 19-99 
n = 122 
Chemcatcher® 1  78 43 31 52 41 54 58 
Chemcatcher® 2  65 36 34 46 41 43 59 
Chemcatcher® 
average 
 
 72 40 33 49 41 48 59 
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Figure 4. 6 Mean concentration of metaldehyde (ng L-1) over the 
different Chemcatcher® exposure periods in the plant post clarifier feed 
measured (17 October - 14 November, 2017) using two spot sampling 
procedures and the on-line GC/MS system, together with the time-
weighted average (TWA) concentrations found in the Chemcatcher® 
passive sampler.  
From Figure 4.6 it is clear that apart from week 1 exposure in the post clarifier 
feed all weekly Chemcatcher® time weighted average concentrations show 
good agreement with mean concentrations found using spot samples, online 
GC/MS analysis but mostly the combination of both. This agreement is also 
observed over the fortnightly deployments. However, the Chemcatcher® 
TWA concentration over the entire month shows a much higher average than 
that obtained using the spot sample methodologies. This could be the result of 
the large input of metaldehyde observed at end of the exposure time. As this 
peak in concentration is short lived this would not affect the mean 
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concentration calculated using spot samples, but could suggest a quick 
response from the Chemcatcher® passive sampler. 
4.6.3 Effect of variation of Chemcatcher® uptake rate 
Since the concentration of metaldehyde in the post-clarifier feed between 17 
October - 14 November 2017 did not vary widely, the experiment provided an 
opportunity to estimate in-situ Rs values. This was undertaken by rearranging 
Equation 4 and calculating the average concentration of metaldehyde (Table 
4.2) together with the TWA concentration and the mass of metaldehyde 
sequestered on the receiving phase disk during the different exposure 
periods. The estimated in-situ Rs values are shown in Table 4.3. Previously 
using the Chemcatcher® in a semi-static laboratory calibration experiment and 
an in-situ field calibration the Rs value for metaldehyde was determined as 
15.7 mL day−1 (water temperature = 5 ± 1 °C) and 17.8 mL day−1 (water 
temperature = 13-14 °C) respectively (Castle et al., 2018b). Apart from our 
week 1 exposures in the post-clarifier feed, the Rs values obtained were in 
general agreement with those found in the previous study. The best 
comparative Rs estimates (14-22 mL day−1) were found using the on-line 
GC/MS mean water concentrations for metaldehyde (Table 4.3) as this 
technique provided the highest number of data points. Some of this variation 
may be attributed to both differences in water temperature and likely 
differences in the water velocity over the face of the sampler bodies in the 
different studies and exposure periods. A higher water velocity would lead to 
greater turbulence, a reduced diffusive boundary layer, and hence a higher 
sampling rate. Unfortunately, flow velocities and water parameters were not 
monitored during this study and therefore the effect of these variables cannot 
be assessed in this thesis. Although, previous studies have shown limited 
effect to the uptake of such polar compounds in comparison to effects 
experienced by non-polar compounds (Li et al., 2010c). Overall, this study 
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shows the robustness and reliability of the Chemcatcher®, and that Rs values 
for this polar pollutant did not vary widely with differing environmental 
conditions (Mutzner et al., 2018), this is in contrast to the sequestration of non-
polar compounds (Huckins et al., 2002a). However, with the latter class of 
pollutants, performance reference compounds can be used to accommodate 
changes in both water temperature and water turbulence (Allan et al., 2009; 
Estoppey et al., 2016). Use of performance reference compounds with 
samplers designed to monitor polar chemicals has not shown to be effective 
(Harman et al., 2012). 
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Table 4. 3 Time-weighted average (TWA) concentrations (ng L-1) and 
mass (ng) of metaldehyde on receiving phase disk using the 
Chemcatcher® passive sampler, deployed in the plant post clarifier feed 
between 17 October - 14 November, 2017. The sampler uptake rate (Rs, 
mL day-1) was calculated (Equation 4) using the different mean water 
concentrations (ng L-1) obtained over the varying deployment periods 
(for values see Table 4.2). The water temperature in the exposure tanks 
varied between 11.0-13.5 °C. The number of samples used to calculate Rs 
for the different deployments is shown in Table 4.2. 
 Week 
1 
Week 
2 
Week 
3 
Week 
4 
Week 
1-2 
Week 
3-4 
Week 
1-4 
TWA Chemcatcher® 1 78 43 31 52 41 54 58 
TWA Chemcatcher® 2 65 36 34 46 41 43 59 
TWA Chemcatcher® average 72 40 33 49 41 48 59 
Mass on disk Chemcatcher® 1 8.6 4.7 3.5 5.7 9.1 11.8 25.6 
Mass on disk Chemcatcher® 2 7.2 4.0 3.8 5.0 9.0 9.4 26.1 
Mass on disk average 7.9 4.4 3.6 5.4 9.0 10.6 25.9 
Rs calculated using University 
of Portsmouth mean spot 
water sample concentration 
47 22 17 13 26 15 23 
Rs calculated using Affinity 
Water Ltd. mean spot water 
sample concentration 
29 22 25 11 19 15 21 
Rs calculated using mean of 
combined spot water sample 
concentration 
42 22 18 12 24 15 22 
Rs calculated using mean of 
on-line GC/MS concentration 
27 16 14 15 16 18 22 
Rs calculated using mean of 
combined spot water and 
GC/MS concentration 
29 17 15 14 17 17 22 
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4.7 Conclusions 
This chapter evaluated the suitability and reliability of four different 
monitoring methods for the quantitative measurement of metaldehyde. It has 
demonstrated some of the challenges of monitoring polar pollutants that are 
present in surface water only sporadically. Infrequent spot and automated 
bottle sampling methods and their associated analytical techniques have 
sufficient sensitivity (LoQ ~ 10 ng L-1) to detect metaldehyde in the aquatic 
environment. With use of infrequent spot sampling, however, there is a high 
likelihood that regulatory exceedances can be missed. Hence, there is a need 
to continually blend with different supply sources less impacted by 
metaldehyde to ensure compliance with the current directives. The use of 
high frequency automated bottle monitoring can be used as an alternative 
approach, however, as we have shown the concentration of metaldehyde can 
change on a sub-daily basis. Collecting, for example, hourly samples would 
add significantly to laboratory costs. With both off-line methods there is also a 
time delay in obtaining results back from the analytical laboratory and this 
will also impact on the operability of the drinking water treatment plant. 
Use of the on-line GC/MS overcomes all of the limitations of these above 
techniques. The system can yield high quality data on the concentration of 
metaldehyde with approximately a one-hour turn-a-round time. The GC/MS 
measurements were reliable and in close agreement with those obtained by 
spot sampling. The main drawback of the monitoring method is high cost. 
However, this initial investment can be off-set over time by the reducing plant 
operating costs. 
Passive sampling provides another cost-effective alternative for monitoring 
metaldehyde. Our field trials have shown that the Chemcatcher® provides 
TWA concentrations in broad agreement with both the spot, auto and on-line 
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methods. There was little variability in the estimated Rs value and hence, this 
gives confidence in the use of the sampler in routine monitoring campaigns. 
A drawback is that passive samplers cannot yield information on the peak or 
maximum concentration that the sampler was exposed to during the 
deployment. Furthermore, passive samplers cannot provide rapid data as 
they are deployed typically for periods of 7-14 days. However, these devices 
can be used in catchment scale investigations in identifying sources and 
fluxes of this problematic pesticide, particularly at locations where surface 
waters are abstracted for subsequent use in the production of potable 
supplies. If samplers are deployed at the intake of a drinking water treatment 
plant, they can be used together with water flow to estimate the mass 
loadings of a pollutant entering the works. These estimates can be used to 
better determine the operational lifetime of the granular activated carbon 
beds. Passive samplers can also provide information on the effectiveness of 
long-term remediation strategies (e.g. use of alternative molluscicides such as 
ferric phosphate). 
4.8 Chapter summary 
Chapter 4 evaluated the suitability and reliability of four different monitoring 
methods for the quantitative measurement of metaldehyde, highlighting 
positives and negatives of using each method. This is the first time the 
Chemcatcher® passive sampler has been compared with real time data. 
Previous comparisons of spot sample data and passive sampler TWA data has 
fallen short as no information on concentration variation between samples is 
known. This study has shown that TWA concentrations obtained by the 
Chemcatcher® passive sampler for the monitoring of metaldehyde in surface 
waters gave comparable results to those monitored using an online GC/MS. 
Thus proving that the Chemcatcher® can accurately measure the 
concentration of the sporadic pollutant metaldehyde in surface water. 
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Additionally, this chapter highlighted the stability of the Chemcatcher® 
passive sampler when monitoring in variable environments.  
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Chapter 5 Conclusions and future work 
5.1 Conclusions 
This project highlighted the use of the Chemcatcher® passive sampler as an 
effective tool for spatiotemporal monitoring of metaldehyde in surface waters. 
The reliability of the passive sampling device is shown throughout the 
project. 
5.1.1 Contributions to knowledge 
This thesis has: 
1. Reviewed metaldehyde in the environment (Castle et al., 2017b). 
2. Calibrated the Chemcatcher® passive sampler to calculate the uptake rate of 
metaldehyde both in the laboratory and in-situ 15.7 and 17.8 mL day-1 
respectively (Castle et al., 2018b). 
3. Calibrated the Chemcatcher® passive sampler to calculate the offload rate of 
metaldehyde as negligible. 
4. Tested the Chemcatcher® passive samplers use as both a complementary 
and alternative tool to spot sampling for monitoring metaldehyde in surface 
waters. (Castle et al.,2017a) (Castle et al., 2018a) It is postulated that these data 
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sets will benefit end users using the Chemcatcher® in catchment strategies and 
may show promise with other similar analytes. 
5. Created an extensive database for metaldehyde monitoring obtained using 
various monitoring techniques. This information can be used to better inform 
environmental risk assessments at the catchment scale and could be beneficial 
in estimating annual loads of pollutants entering treatment plants. 
5.1.2 Development of the Chemcatcher® passive sampler 
Through the Development of the Chemcatcher passive sampler, the following 
conclusions can be made: 
• linear uptake of metaldehyde onto the HLB-L disk with a lab and in 
situ uptake rate of ~15.7 and 17.8 mL day-1 respectively 
• no lag phase when monitoring metaldehyde, allowing for instant 
sequestion of the target analyte 
• insignificant offloading of metaldehyde from the receiving phase over 
a typical 14 day sampling period. 
The measured uptake rates using the Chemcatcher® passive sampler can be 
considered relatively low when compared to sampling rates for similar polar 
pollutants (90 mL day-1 and 800 mL day-1 for 5-methylbenzotriazole and 
metolachlor respectively) (Vermeirssen et al., 2013), but are sufficient to 
sequester adequate amount of metaldehyde at low concentrations. This work 
has effectively highlighted the ability to determine field RS values using the 
Chemcatcher® for monitoring metaldehyde which can be used in further 
studies. It must be noted that for effective in situ calibration to take place, 
limited concentration fluctuation is required. For highly polar substances with 
sporadic inputs such as metaldehyde, this can prove difficult. 
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Similar polar passive samplers such as POCIS have proven difficult to 
calibrate in situ. Harman et al., (2011) attempted to calibrate POCIS for the 
monitoring of 13 illicit drugs. Unlike the uptake of metaldehyde using the 
Chemcatcher® passive sampler, several compounds did not exhibit a linear 
uptake, metoprol acid, OH-cotinine and benzoylecgonine, showed curvilinear 
uptake before declining highlighting the effect of environmental conditions 
on POCIS Rs. Results from this thesis have highlighted that unlike Rs values 
obtained by alternative polar passive samples The Chemcatcher® Rs for 
metaldehyde gave comparable results when obtained using both laboratory 
and in situ calibration techniques. 
As discussed in the theory of passive sampling Section 1.6.1, the sampling 
rate of a passive sampler is governed by the uptake and offloading kinetics of 
the device towards the chosen analyte. The Chemcatcher® passive sampler as 
a kinetic passive sampler works under the assumption that the offloading of 
the analyte from the receiving phase is negligible. This assumption was 
confirmed (Section 2.5.3), where over a typical 14 day deployment, 
approximately 14 % metaldehyde was removed from the HLB-L receiving 
phase disks within the Chemcatcher®, reducing the need for any preservatives 
or specialist transport equipment to assure no losses of the target analyte. 
To my knowledge this is the first time in which the Chemcatcher® passive 
samplers have been calibrated to account for offloading of any target analyte 
although globally, the samplers have been used under the assumption that 
negligible offloading occurs. 
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5.1.3 Monitoring fluxes of metaldehyde in surface waters using 
the Chemcatcher® passive sampler 
The Chemcatcher® passive sampler has been field tested through three 
studies; the pilot study described in Chapter 2, the yearlong study described 
in Chapter 3 and the comparison study in Chapter 4. 
Conclusions that can be made from these three chapters are as follows: 
• There is a need for passive samplers for the monitoring of metaldehyde 
in the aquatic environment, especially in those environments which are 
subsequently used as a potable drinking water source. 
• Chemcatcher Time weighted Average (TWA) concentrations are often 
above spot sample averages over the same sampling period. 
• Chemcatcher passive samplers can effectively monitor sporadic inputs 
of metaldehyde into surface waters. 
 
This initial study found that over the ten deployment periods only 12/42 spot 
samples were equal to or over Chemcatcher® TWA concentrations therefore 
over this initial sampling study over 71 % of the spot samples taken had 
concentrations of metaldehyde that were below those measured by 
Chemcatcher®. This accounts for 71 % of peak concentrations of metaldehyde 
missed in the aquatic environment without the use of the Chemcatcher® 
passive sampler. It must be noted at this time that the ideal results obtained 
using spot sampling method would remain either equal to the Chemcatcher® 
TWA data or have results above and below giving a mean concentration 
equal to that of the Chemcatcher® TWA. This initial field trial was undertaken 
during metaldehyde peak season in which the concentration of metaldehyde 
within the aquatic environment were likely to fluctuate with sporadic inputs. 
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As spot samples of the water were taken at weekly intervals, the chances of 
achieving accurate representative or peak concentration of metaldehyde was 
unlikely. For these reasons the results obtained were expected. 
This initial trial shows that with the use of the Chemcatcher® passive sampler, 
the risk in missing spikes in metaldehyde with spot samples will diminish. 
The Chemcatcher® will continuously sequester water for a 14 day period. This 
amounts to 14 days of data compared to a spot sample which will collect data 
for approximately 10 seconds for each bottle. This allows Chemcatcher® to 
capture metaldehyde inputs that only some of the spot samples capture. 
The second field study outlined in Chapter 3 compares the Chemcatcher® 
passive sampler again with weekly spot samples, however, this second study 
was undertaken across a variety of site locations of differing land use over an 
entire year. This allowed for the comparison of both monitoring techniques 
when the concentration of metaldehyde was expected to be both high and 
sporadic, and low and stable.  
Often pesticide concentrations such as metaldehyde remain low with 
significant temporal variation especially within pesticide application season 
(Zhang et al., 2016). Furthermore Zhang et al., (2016) compared the use of 
POCIS with monthly spot samples for target pesticides in the River Ugie. The 
dominant pesticide found in both sampling techniques was chlorotoluron. 
Mean concentrations observed over the year were 9.35 and 4.76 ng L-1 for spot 
samples and POCIS samples respectively, a percentage difference of 49.1 %. If 
this comparison is tested using Chemcatcher TWA data and spot samples 
obtained on the River Enbourne during the year long field study a more 
comparable set of results is obtained. Mean spot sample concentration in the 
River Enbourne was 20.62 ng L-1, mean concentration using Chemcatcher 
TWA was 17.65 ng L-1, a percentage difference of only 14.4 %. This low 
percentage difference obtained using the two monitoring methods could be 
due to lower limits of detection when using the Chemcatcher passive sampler 
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compared to spot water samples. This could result in the observed higher 
mean concentration obtained over the yearlong study. These comparable 
results further highlight the Chemcatcher® passive sampler as an effective 
alternative tool for monitoring metaldehyde in surface waters. 
Furthermore, the data obtained in this yearlong study found that 110/195 
spot samples were below Chemcatcher® TWA concentrations this equated to 
56 % of the spot samples taken, with the majority of underestimates occurring 
during metaldehyde season. This further highlights the importance of 
developing the Chemcatcher® passive sampler for the monitoring of 
metaldehyde. This sampler can effectively monitor peaks in metaldehyde 
often missed by spot water sampling techniques whilst still obtaining mean 
concentrations comparable to those observed over prolonged periods.   It can 
be noted that land use affected the concentration of metaldehyde observed 
within the neighbouring surface water. As predicted, sites with a higher 
percentage of arable farmland gave a much greater concentration of 
metaldehyde in the aquatic environment, especially during peak usage season 
and variability in concentration was higher than at sites situated closer to 
urban areas.  Fortunately at this time water companies and environmental 
agencies are working with the metaldehyde stewardship group for the 
promotion and encouragement of best practice with metaldehyde slug pellets, 
amongst agricultural users, to minimise environmental impacts and help 
preserve the future of metaldehyde as a tool for slug control (Price, 2013). 
Furthermore, this study has shown that TWA concentrations (e.g. collected 
over a 14 day interval) rather than infrequent spot water sampling 
measurements can be beneficial when assessing the advantages of additional 
farm support measures, financial incentives and impacts of environmental 
remediation strategies (e.g. substitution of metaldehyde with ferric 
phosphate) in these areas. Moreover, this extensive timeweighted data 
collection on concentrations of metaldehyde in farm catchments could be 
included in biogeochemical transport models such as the INCA-contaminants. 
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Application of this model has recently been described for metaldehyde by Lu 
et al (2017). 
The final field study undertaken as a part of this thesis was the comparison of 
the Chemcatcher® passive sampler with spot sample data at various 
frequencies. Fortunately, the site chosen for this final study maintained a 
relatively stable concentration of metaldehyde over the duration of the study. 
Mean concentrations of spot samples compared in Figure 4.6 gave 
comparable results to Chemcatcher® TWA calculated over the same time 
period. This was the first time that any passive sampler had been compared 
with real time data analysis. This final study has successfully demonstrated 
the effectiveness of both the Chemcatcher® passive sampler and online 
techniques for the monitoring of metaldehyde in surface water. It must be 
noted that although both techniques gave accurate and reliable results, there 
are several advantages and disadvantages (listed below) to each. These 
advantages and disadvantages of both methods must be considered with any 
future monitoring projects. 
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Table 5. 1 Advantages and disadvantages to using the Chemcatcher® 
passive sampler and online GC/MS techniques for the monitoring of 
metaldehyde in surface water.  
Technique Frequency Advantage Disadvantage 
Chemcatcher® 
passive sampler 
Usually 14 
Days 
Inexpensive 
Fast/simple 
deployment 
Can be deployed in 
relatively low water 
levels 
Susceptible to 
damage 
No flow rate control 
Online GC/MS Every ~1.5 
h 
 
Real-time analysis 
Prioritise decision 
making 
More data points 
Expensive ~ 
£300,000 
Can only be 
deployed at certain 
locations 
 
It is difficult to compare the results obtained from this study with other 
alternative passive samplers as this is the first time a comparison of real time 
data and TWA data has been made with respect to water quality monitoring. 
However, one comparison that can be made is the limited variability in Rs 
observed during this last study. With most other passive samplers such as 
POCIS, variability in Rs due to environmental conditions is a common 
occurrence. Many studies have shown that the sampling rates (Rs) of 
contaminants increase with increasing water flow velocities (Harman et al., 
2012; Li et al., 2010c). However, results obtained in this thesis (Table 4.3) have 
shown a stable uptake of metaldehyde to the Chemcatcher® passive sampler 
over the final field study. It must be noted that flow velocities were not 
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measured during this field study and cannot be used as a comparison against 
uptake rates. Although, previous studies have shown limited effect to the 
uptake of such polar compounds in comparison to effects experienced by non-
polar compounds (Li et al., 2010c).   
Throughout all of the field studies undertaken in this thesis, duplicate and 
triplicate samplers deployed showed good reproducibility with a variability 
of 12.6 % between samples deployed on the same deployment rig. This figure 
is comparable to a recent study by Townsend et al., (2019) in which a 
variability of <11 % was observed between samplers. This slight difference in 
variability could be due to the deployment rigs used for each study. For this 
project a novel deployment rig was tested in which the samplers are more 
open to the environment compared to the steel deployment cages used by 
Townsend et al., (2017). This low variability between samples is one of the 
advantages of using the immobilised sorbent chosen for the Chemcatcher® 
passive sampler in the form of a receiving phase disk. This material cannot be 
displaced during field deployments or extractions. This can be recognised a 
one of the draw backs to using alternative polar passive samplers which use a 
loose solid-phase extraction matrix as receiving phase such as POCIS (Mills et 
al., 2014). 
5.2 Limitations with passive sampling 
As with all methodologies used for monitoring nature, there will always be 
limitations and the use of the Chemcatcher® passive sampler for monitoring 
metaldehyde in surface waters is no different. The first limitation which is 
observed when using all variations of passive samplers for the monitoring of 
pollutants in any matrices is the sampling timeframe. In this project 
Chemcatcher® passive samplers were deployed for 14 days in the aquatic 
environment. Although relatively short, this time period does not offer the 
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end user a real-time analysis of the pollution problem. This limitation is 
considerably increased if the time taken for extraction and analysis is taken 
into account.  For short-term monitoring of metaldehyde in surface waters it 
is suggested that non-quantitative methods such as Owlstone Lonestar™ or 
online methods to be used which could produce real-time analysis. However, 
devices such as these increment a much larger cost and limited deployability 
at remote locations. Furthermore, the risk of theft and damage to the above 
devices comes at a greater risk. 
The second limitation observed when using the Chemcatcher® for monitoring 
metaldehyde was biofouling. This problem is observed when deploying any 
instrument within natural waters over prolonged periods of time. Biofouling 
is the accumulation of any biological matter onto the instrument being 
deployed and can occur in all matrices. However, instruments deployed in 
aquatic environment are particularly prone to biofouling, especially where 
flow rates remain low and light penetration is high. Biofouling has been 
found in some cases to reduce uptake rates of pollutants by passive sampling 
devices (Schäfer et al., 2008), as it increases the water boundary layer, as 
described in Section 2.2. Fortunately, in this project, Chemcatcher® passive 
sampler deployments were capped at 14 days. This in turn reduced the 
amount of biofouling that could accumulate onto the Chemcatcher® device. 
Furthermore, the PES membrane was used in this project as an effective 
barrier to protect the receiving phase disk (HLB-L) from any biofouling. The 
use of copper rings within the Chemcatcher® device have been evaluated, 
however research has shown limited to no reduction in biofouling observed.  
The final limitation observed when using the passive samplers is the 
variability of the uptake rate found in environmental conditions. This 
limitation has been previously observed when monitoring polar pollutants. In 
several instances highlighted within this thesis, the uptake rate of 
metaldehyde on to the Chemcatcher® was observed to have almost doubled 
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and in one case increase tenfold (Chapter 4). These observations were 
primarily found during heavy rainfall events when flow rates within the river 
were likely to be much higher. This increase in flow rate drastically reduces 
the water boundary layer, thus increasing the uptake rate of metaldehyde 
onto the receiving phase disk. Unfortunately, during this project flow rates 
were not measured and therefore a direct comparison between uptake rates 
and flow velocities cannot be made. It is recommended for future work that 
flow velocities are monitored to compare with any variation in uptake rates 
observed. Other environmental conditions which have been observed to 
increase uptake rates of passive samplers for polar pollutants include 
temperature, matrix, pH, ionic strength and dissolved organic content. One 
possible solution to overcome this difficulty of the Rs varying with changing 
environmental conditions during field deployments is the use of performance 
reference compounds (PRCs). PRCs have been shown to be effective with 
samplers used for the sequestration of non-polar pollutants (Allan et al., 2009; 
2010). However, there is limited research on the use of PRCs for monitoring 
metaldehyde with the Chemcatcher® passive sampler. Further solutions to 
measure flow kinetics include the use of passive flow monitors. One such 
technique uses alabaster casts. This has been used for monitoring of atrazine 
in water using POCIS (Booij et al., 2017). Again no previous research looking 
at the use of alabaster casts to monitor the effects of flow kinetics on 
metaldehyde uptake has been done. 
5.3 Future work 
As found with most passive sampling devices for polar compounds, uptake 
rates can be found to vary with environmental conditions as discussed in 
Section 7.5. Recent research in this field by Booij et al. (2017) has found that 
uptake kinetics in POCIS can be accounted for by using alabaster casts. 
However, no research has been undertaken using the Chemcatcher® passive 
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sampler in particular for monitoring metaldehyde in the aquatic environment. 
Future work would involve calibrating the Chemcatcher® passive sampler at 
various flow velocities to account for uptake variation. Furthermore, to 
continue the development of the Chemcatcher® for monitoring metaldehyde 
Rs stability could be monitored using a concentration variation calibration 
experiment. However, more time is needed for these experiments.  
Another highlighted limitation to passive sampling in the aquatic 
environment is biofouling. Future work is needed in this area to prevent or 
limit biofouling over prolong exposures in the environment by use of copper 
materials in passive sampler preparation or anti-biofouling treatments. Both 
experiments require additional time to test thoroughly. 
Work is ongoing with several water companies within the UK such as Thames 
and Affinity Water and will continue to build on an already extensive data set 
of metaldehyde to be used for future transport models and catchment 
strategies. 
5.4 Summary 
This thesis has documented the successful development and calibration of a 
new variant of the Chemcatcher® passive sampler for the monitoring of 
metaldehyde in surface waters. The uptake of metaldehyde was found to be 
linear with no lag phase, comparable in situ and laboratory uptake rates of 
17.8 and 15.7 respectively and limited offloading was observed. 
The three targeted field trials highlighted the potential value of using the 
Chemcatcher® passive sampler alongside spot water sampling to improve 
monitoring of metaldehyde and hence facilitate a better understanding of this 
sporadic pollutant in river systems. This project has shown that the 
Chemcatcher® passive sampler was able to detect similar concentrations to 
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those found in spot water samples taken regularly over the deployment 
period and even real time analysis on an ~ hourly basis, with the added 
ability to reach lower limits of detection. The value of the approach was 
clearly shown by detection of high concentrations of metaldehyde missed by 
spot sampling during peak usage season (31 August – 1 December), probably 
due to an episodic input of metaldehyde into the catchment, often seen over 
this period. Both approaches can give complementary data for the 
management of river catchments and for the effective targeting of 
remediation programmes. The Chemcatcher passive sampler can now be used 
to give reliable and robust data for the monitoring of metaldehyde in surface 
waters. This device is currently being implemented in various river 
catchments across the UK for the monitoring of metaldehyde and to assist in 
the development of catchment scale management plans. 
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Appendix 1. Raw Data 
1. mass of metaldehyde on Chemcatcher® receiving phase disk (ng Disk-1). 
Pilot study 
 
 
 
 Grimsbury Enbourne Farmoor Blank 
deployment period CC1 CC2 CC3 Average CC1 CC2 CC3 Average CC1 CC2 CC3 Average CC1 CC2 Average 
7/10 - 21/10/2015 40.66 28.13 38.53 35.77 29.49 45.10 18.29 30.96 N/A N/A N/A N/A 2.65 2.73 2.69 
21/10 - 04/11/2015 35.54 36.26 33.76 35.18 37.99 37.67 30.17 35.28 N/A N/A N/A N/A 3.74 2.79 3.26 
04/11 - 18/11/2015 46.04 47.95 61.33 51.78 6.02 11.16 8.75 8.64 43.79 22.35 27.95 31.36 1.94 2.48 2.21 
18/11/ - 02/12/2015 21.12 18.86 17.30 19.09 23.92 28.13 23.96 25.34 14.09 14.33 12.25 13.56 2.91 2.64 2.78 
 Year Field trial 
 Cobbins Brook (Swimming pool) Cobbins Brook (Galley hill) Cobbins Brook (Cobbins end) 
deployment period CC1 CC2 Average CC1 CC2 Average CC1 CC2 Average 
20/7 - 3/8/2016 N/A N/A N/A 3.78 3.62 3.70 11.34 10.13 10.74 
3/8 - 17/8/2016 8.32 9.03 8.67 5.35 5.81 5.58 11.15 10.55 10.85 
17/8 - 31/8/2016 34.14 42.61 38.38 6.13 5.60 5.86 11.75 10.29 11.02 
31/8 - 14/9/2016 7.90 11.88 9.89 5.66 4.12 4.89 12.16 10.05 11.11 
14/9 - 28/9/2016 17.04 15.42 16.23 17.43 14.36 15.89 20.00 21.86 20.93 
28/9 - 12/10/2016 13.26 11.73 12.49 14.67 7.36 11.01 22.07 22.45 22.26 
12/10 - 26/10/2016 19.09 20.50 19.79 19.88 24.62 22.25 56.37 49.32 52.85 
26/10 - 09/11/2016 11.33 10.07 10.70 18.38 17.67 18.02 83.83 89.03 86.43 
09/11 - 23/11/2016 362.94 460.55 411.74 848.40 670.73 759.57 503.07 789.81 646.44 
23/11 - 07/12/2016 74.69 84.51 79.60 138.35 121.85 130.10 52.29 54.95 53.62 
07/12 - 21/12/2016 26.29 18.88 22.58 32.68 31.18 31.93 21.56 20.97 21.26 
21/12/2016 - 03/01/2017 20.86 20.86 20.86 22.03 11.75 16.89 10.02 15.98 13.00 
05/01 - 18/01/2017 23.08 16.90 19.99 17.98 16.67 17.33 9.41 14.06 11.74 
 18/01 - 01/02/2017 20.59 11.22 15.91 0.10 40.51 20.30 11.36 11.15 11.26 
01/02 - 16/02/2017 11.05 17.35 14.20 32.02 33.16 32.59 12.69 10.06 11.38 
16/02 - 02/03/2017 10.58 9.32 9.95 N/A N/A N/A 6.25 2.40 4.32 
02/03 - 16/03/2017 7.98 5.67 6.83 6.95 8.54 7.75 3.96 3.86 3.91 
16/03 - 29/03/2017 7.72 9.51 8.61 2.36 9.03 5.70 4.45 4.61 4.53 
29/03 - 13/04/2017 2.81 1.83 2.32 7.48 6.82 7.15 3.40 2.93 3.16 
13/04 - 26/04/2017 5.12 3.33 4.22 2.94 1.92 2.43 1.56 1.12 1.34 
26/04 - 11/05/2017 3.95 4.58 4.26 6.12 2.76 4.44 4.16 3.25 3.71 
11/05 - 25/05/2017 4.68 4.83 4.76 6.34 4.82 5.58 3.72 3.61 3.67 
25/05 - 08/06/2017 7.40 8.03 7.72 8.19 7.69 7.94 5.16 4.46 4.81 
08/06 - 22/06/2017 5.24 12.92 9.08 13.23 11.88 12.56 8.27 7.88 8.07 
22/06 - 06/07/2017 7.35 7.75 7.55 7.61 7.02 7.31 3.84 3.39 3.61 
06/07 - 20/07/2017 0.16 0.08 0.12 0.33 0.14 0.24 2.37 2.64 2.50 
 
 
 
 Year field trial continued. 
 Tillingbourne (River Wey) Weybridge (Lower Wey) River Enbourne (Shalford bridge) 
deployment period CC1 CC2 Average CC1 CC2 Average CC1 CC2 Average 
20/7 - 3/8/2016 1.44 1.21 1.32 N/A N/A N/A 3.80 4.17 3.99 
3/8 - 17/8/2016 1.00 2.23 1.62 N/A N/A N/A 2.05 1.22 1.64 
17/8 - 31/8/2016 0.79 1.09 0.94 1.63 1.87 1.75 1.88 1.29 1.59 
31/8 - 14/9/2016 1.35 2.04 1.70 2.12 2.43 2.28 3.51 3.73 3.62 
14/9 - 28/9/2016 4.93 3.33 4.13 8.02 9.74 8.88 23.27 18.09 20.68 
28/9 - 12/10/2016 1.33 2.00 1.66 6.06 3.15 4.61 6.58 6.63 6.61 
12/10 - 26/10/2016 12.97 11.99 12.48 18.28 12.49 15.39 16.70 19.48 18.09 
26/10 - 09/11/2016 2.13 2.08 2.11 2.98 2.75 2.86 4.13 2.75 3.44 
09/11 - 23/11/2016 6.54 6.61 6.57 3.95 3.90 3.92 10.00 5.26 7.63 
23/11 - 07/12/2016 N/A N/A N/A 6.54 7.45 6.99 4.86 4.72 4.79 
07/12 - 21/12/2016 1.87 1.44 1.66 3.31 3.45 3.38 3.05 3.63 3.34 
21/12/2016 - 03/01/2017 3.21 2.64 2.92 1.95 1.83 1.89 3.65 3.05 3.35 
05/01 - 18/01/2017 1.76 1.72 1.74 2.17 1.82 2.00 3.93 3.87 3.90 
 18/01 - 01/02/2017 2.92 2.59 2.75 2.33 2.15 2.24 2.44 3.54 2.99 
01/02 - 16/02/2017 1.27 2.78 2.02 2.46 1.82 2.14 4.38 1.01 2.70 
16/02 - 02/03/2017 1.64 1.77 1.70 1.19 1.31 1.25 1.29 2.02 1.66 
02/03 - 16/03/2017 1.15 0.77 0.96 0.41 0.46 0.43 0.33 0.37 0.35 
16/03 - 29/03/2017 3.04 3.17 3.10 1.50 1.49 1.50 0.51 0.30 0.40 
29/03 - 13/04/2017 N/A N/A N/A 0.53 0.94 0.73 0.61 0.51 0.56 
13/04 - 26/04/2017 0.94 0.47 0.71 0.24 0.44 0.34 0.86 0.95 0.91 
26/04 - 11/05/2017 0.50 0.63 0.57 0.57 0.60 0.59 0.38 0.20 0.29 
11/05 - 25/05/2017 3.04 3.28 3.16 1.50 1.17 1.33 1.47 1.92 1.69 
25/05 - 08/06/2017 1.76 4.11 2.93 1.52 2.12 1.82 3.87 3.07 3.47 
08/06 - 22/06/2017 6.44 6.98 6.71 5.25 3.97 4.61 3.73 3.09 3.41 
22/06 - 06/07/2017 0.03 0.03 0.03 0.93 1.01 0.97 0.03 0.04 0.03 
06/07 - 20/07/2017 2.01 2.07 2.04 1.08 0.67 0.87 0.67 0.54 0.61 
 
 
 
 Comparison study 
 post-clarifier feed Mimmshall Brook 
 1 Week 2 Week 4 week 1 Week 2 Week 
deployment period CC 1 CC 2 Average CC 1 CC 2 Average CC 1 CC 2 Average CC 1 CC 2 Average CC 1 CC 2 Average 
17/10 - 24/10/2017 8.59 7.19 7.89 
9.05 8.99 9.02 
25.63 26.09 25.86 
19.29 17.60 18.45 
20.36 20.81 20.59 
24/10 - 31/10/2017 4.73 3.99 4.36 N/A N/A N/A 
31/10 - 07/11/2017 3.45 3.78 3.61 
11.78 9.37 10.57 
13.56 12.80 13.18 
32.26 25.37 28.82 
07/11 - 14/11/2017 5.71 5.01 5.36 N/A N/A N/A 
 
 
 
 
 
 
 2. Time weighted average concentration of metaldehyde estimated using the Chemcatcher® (ng L-1). 
Pilot study 
 
 
 
 
 
 
 Grimsbury Enbourne Farmoor Blank 
deployment period CC1 CC2 CC3 Average CC1 CC2 CC3 Average CC1 CC2 CC3 Average CC1 CC2 Average 
7/10 - 21/10/2015 181.5 125.6 172.0 159.7 131.7 201.3 81.6 138.2 N/A N/A N/A N/A 11.8 12.2 12.0 
21/10 - 04/11/2015 158.6 161.9 150.7 157.1 169.6 168.2 134.7 157.5 N/A N/A N/A N/A 16.7 12.5 14.6 
04/11 - 18/11/2015 205.5 214.1 273.8 231.1 26.9 49.8 39.0 38.6 195.5 99.8 124.8 140.0 8.7 11.1 9.9 
18/11/ - 02/12/2015 94.3 84.2 77.2 85.2 106.8 125.6 106.9 113.1 62.9 64.0 54.7 60.5 13.0 11.8 12.4 
 Year field trial 
 Cobbins Brook (Swimming pool) Cobbins Brook (Galley hill) Cobbins Brook (Cobbins end) 
deployment period CC1 CC2 Average CC1 CC2 Average CC1 CC2 Average 
20/7 - 3/8/2016 N/A N/A N/A 16.9 16.2 16.5 50.6 45.2 47.9 
3/8 - 17/8/2016 37.1 40.3 38.7 23.9 25.9 24.9 49.8 47.1 48.4 
17/8 - 31/8/2016 152.4 190.2 171.3 27.3 25.0 26.2 52.5 46.0 49.2 
31/8 - 14/9/2016 35.2 53.0 44.1 25.3 18.4 21.8 54.3 44.9 49.6 
14/9 - 28/9/2016 76.1 68.8 72.4 77.8 64.1 71.0 89.3 97.6 93.4 
28/9 - 12/10/2016 59.2 52.4 55.8 65.5 32.8 49.2 98.5 100.2 99.4 
12/10 - 26/10/2016 85.2 91.5 88.4 88.7 109.9 99.3 251.7 220.2 235.9 
26/10 - 09/11/2016 50.6 45.0 47.8 82.1 78.9 80.5 374.2 397.4 385.8 
09/11 - 23/11/2016 1620.3 2056.0 1838.1 3787.5 2994.3 3390.9 2245.8 3526.0 2885.9 
23/11 - 07/12/2016 333.4 377.3 355.4 617.6 544.0 580.8 233.4 245.3 239.4 
07/12 - 21/12/2016 117.4 84.3 100.8 145.9 139.2 142.5 96.2 93.6 94.9 
21/12/2016 - 03/01/2017 93.1 93.1 93.1 98.3 52.5 75.4 44.7 71.4 58.0 
05/01 - 18/01/2017 103.0 75.4 89.2 80.3 74.4 77.4 42.0 62.8 52.4 
 18/01 - 01/02/2017 91.9 50.1 71.0 0.4 180.8 90.6 50.7 49.8 50.3 
01/02 - 16/02/2017 49.3 77.5 63.4 143.0 148.0 145.5 56.7 44.9 50.8 
16/02 - 02/03/2017 47.2 41.6 44.4 N/A N/A N/A 27.9 10.7 19.3 
02/03 - 16/03/2017 35.6 25.3 30.5 31.0 38.1 34.6 17.7 17.2 17.5 
16/03 - 29/03/2017 34.5 42.5 38.5 10.5 40.3 25.4 19.9 20.6 20.2 
29/03 - 13/04/2017 12.6 8.2 10.4 33.4 30.4 31.9 15.2 13.1 14.1 
13/04 - 26/04/2017 22.8 14.8 18.8 13.1 8.6 10.9 7.0 5.0 6.0 
26/04 - 11/05/2017 17.6 20.4 19.0 27.3 12.3 19.8 18.6 14.5 16.5 
11/05 - 25/05/2017 20.9 21.5 21.2 28.3 21.5 24.9 16.6 16.1 16.4 
25/05 - 08/06/2017 33.0 35.8 34.4 36.6 34.3 35.4 23.0 19.9 21.5 
08/06 - 22/06/2017 23.4 57.7 40.5 59.1 53.0 56.1 36.9 35.2 36.0 
22/06 - 06/07/2017 32.8 34.6 33.7 34.0 31.3 32.7 17.1 15.1 16.1 
06/07 - 20/07/2017 0.7 0.3 0.5 1.5 0.6 1.1 10.6 11.8 11.2 
 
 
 
 Year field trial continued. 
 Tillingbourne (River Wey) Weybridge (Lower Wey) River Enbourne (Shalford bridge) 
deployment period CC1 CC2 Average CC1 CC2 Average CC1 CC2 Average 
20/7 - 3/8/2016 6.4 5.4 5.9 N/A N/A N/A 17.0 18.6 17.8 
3/8 - 17/8/2016 4.5 10.0 7.2 N/A N/A N/A 9.1 5.5 7.3 
17/8 - 31/8/2016 3.5 4.9 4.2 7.3 8.4 7.8 8.4 5.8 7.1 
31/8 - 14/9/2016 6.0 9.1 7.6 9.5 10.9 10.2 15.6 16.7 16.2 
14/9 - 28/9/2016 22.0 14.9 18.4 35.8 43.5 39.6 103.9 80.8 92.3 
28/9 - 12/10/2016 6.0 8.9 7.4 27.1 14.1 20.6 29.4 29.6 29.5 
12/10 - 26/10/2016 57.9 53.5 55.7 81.6 55.8 68.7 74.6 87.0 80.8 
26/10 - 09/11/2016 9.5 9.3 9.4 13.3 12.3 12.8 18.4 12.3 15.4 
09/11 - 23/11/2016 29.2 29.5 29.3 17.6 17.4 17.5 44.6 23.5 34.1 
23/11 - 07/12/2016 N/A N/A N/A 29.2 33.2 31.2 21.7 21.1 21.4 
07/12 - 21/12/2016 8.4 6.4 7.4 14.8 15.4 15.1 13.6 16.2 14.9 
21/12/2016 - 03/01/2017 14.3 11.8 13.0 8.7 8.2 8.4 16.3 13.6 14.9 
05/01 - 18/01/2017 7.9 7.7 7.8 9.7 8.1 8.9 17.5 17.3 17.4 
 18/01 - 01/02/2017 13.0 11.5 12.3 10.4 9.6 10.0 10.9 15.8 13.4 
01/02 - 16/02/2017 5.7 12.4 9.0 11.0 8.1 9.6 19.5 4.5 12.0 
16/02 - 02/03/2017 7.3 7.9 7.6 5.3 5.8 5.6 5.8 9.0 7.4 
02/03 - 16/03/2017 5.1 3.4 4.3 1.8 2.0 1.9 1.5 1.7 1.6 
16/03 - 29/03/2017 13.6 14.1 13.9 6.7 6.7 6.7 2.3 1.3 1.8 
29/03 - 13/04/2017 N/A N/A N/A 2.4 4.2 3.3 2.7 2.3 2.5 
13/04 - 26/04/2017 4.2 2.1 3.2 1.1 2.0 1.5 3.8 4.3 4.1 
26/04 - 11/05/2017 2.2 2.8 2.5 2.6 2.7 2.6 1.7 0.9 1.3 
11/05 - 25/05/2017 13.6 14.6 14.1 6.7 5.2 6.0 6.5 8.6 7.6 
25/05 - 08/06/2017 7.8 18.4 13.1 6.8 9.5 8.1 17.3 13.7 15.5 
08/06 - 22/06/2017 28.8 31.2 30.0 23.4 17.7 20.6 16.6 13.8 15.2 
22/06 - 06/07/2017 0.1 0.1 0.1 4.1 4.5 4.3 0.1 0.2 0.1 
06/07 - 20/07/2017 9.0 9.2 9.1 4.8 3.0 3.9 3.0 2.4 2.7 
 
 
 
 Comparison study 
 
post-clarifier feed Mimmshall Brook 
 
1 Week 2 Week 4 week 1 Week 2 Week 
deployment period CC 1 CC 2 Average CC 1 CC 2 Average CC 1 CC 2 Average CC 1 CC 2 Average CC 1 CC 2 Average 
17/10 - 24/10/2017 78.1 65.4 71.8 41.2 
 
40.9 
 
41.0 
 58.3 
 
59.4 
 
58.8 
 
175.6 160.1 167.9 92.6 
 
94.7 
 
93.7 
 24/10 - 31/10/2017 43.0 36.3 39.7 N/A N/A N/A 
31/10 - 07/11/2017 31.4 34.4 32.9 
53.6 42.6 48.1 
123.4 116.5 119.9 
146.8 115.4 131.1 
07/11 - 14/11/2017 51.9 45.6 48.8 N/A N/A N/A 
 
 
 
 
 
 
 3. Comparison of average spot sample concentration with Chemcatcher® Time weighted average (ng L-1) 
Pilot study 
Grimsbury Spot samples Chemcatcher TWA  
deployment period # of samples  Average CC 1 CC 2 CC 3 Average 
7/10 - 21/10/2015 5 97.4 181.5 125.6 172.0 159.7 
21/10 - 04/11/2015 3 115.0 158.6 161.9 150.7 157.1 
04/11 - 18/11/2015 5 189.4 205.5 214.1 273.8 231.1 
18/11/ - 02/12/2015 4 87.8 94.3 84.2 77.2 85.2 
 
Enbourne Spot samples Chemcatcher TWA  
deployment period # of samples  Average  CC 1 CC 2 CC 3 Average 
7/10 - 21/10/2015 5 165.8 131.7 201.3 81.6 138.2 
21/10 - 04/11/2015 6 53.5 169.6 168.2 134.7 157.5 
04/11 - 18/11/2015 5 93.2 26.9 49.8 39.0 38.6 
18/11/ - 02/12/2015 7 95.1 106.8 125.6 106.9 113.1 
 
 Farmoor Spot samples Chemcatcher TWA  
deployment period # of samples  Average  CC 1 CC 2 CC 3 Average 
7/10 - 21/10/2015 3 44.7 N/A N/A N/A N/A 
21/10 - 04/11/2015 3 44.3 N/A N/A N/A N/A 
04/11 - 18/11/2015 5 77.6 195.5 99.8 124.8 140.0 
18/11/ - 02/12/2015 5 56.0 62.9 64.0 54.7 60.5 
 
 
 
 
 
 
 
 
 Year field trial 
   
Cobbins Brook (Swimming pool) Cobbins Brook (Galley hill) 
Cobbins Brook (Cobbins 
end) 
 
Spot samples Chemcatcher TWA Chemcatcher TWA Chemcatcher TWA 
Deployment period # of samples Average CC 1 CC 2 Average CC 1 CC 2 Average CC 1 CC 2 Average 
20/7 - 3/8/2016 1 9.0 N/A N/A N/A 16.9 16.2 16.5 50.6 45.2 47.9 
3/8 - 17/8/2016 2 31.0 37.1 40.3 38.7 23.9 25.9 24.9 49.8 47.1 48.4 
17/8 - 31/8/2016 1 37.0 152.4 190.2 171.3 27.3 25.0 26.2 52.5 46.0 49.2 
31/8 - 14/9/2016 2 42.5 35.2 53.0 44.1 25.3 18.4 21.8 54.3 44.9 49.6 
14/9 - 28/9/2016 2 42.5 76.1 68.8 72.4 77.8 64.1 71.0 89.3 97.6 93.4 
28/9 - 12/10/2016 2 48.5 59.2 52.4 55.8 65.5 32.8 49.2 98.5 100.2 99.4 
12/10 - 26/10/2016 2 63.0 85.2 91.5 88.4 88.7 109.9 99.3 251.7 220.2 235.9 
26/10 - 09/11/2016 2 47.0 50.6 45.0 47.8 82.1 78.9 80.5 374.2 397.4 385.8 
09/11 - 23/11/2016 2 2711.5 1620.3 2056.0 1838.1 3787.5 2994.3 3390.9 2245.8 3526.0 2885.9 
23/11 - 07/12/2016 2 210.5 333.4 377.3 355.4 617.6 544.0 580.8 233.4 245.3 239.4 
07/12 - 21/12/2016 2 113.5 117.4 84.3 100.8 145.9 139.2 142.5 96.2 93.6 94.9 
 21/12/2016 - 05/01/2017 2 57.5 93.1 93.1 93.1 98.3 52.5 75.4 44.7 71.4 58.0 
05/01 - 18/01/2017 2 54.5 103.0 75.4 89.2 80.3 74.4 77.4 42.0 62.8 52.4 
18/01 - 01/02/2017 2 112.5 91.9 50.1 71.0 0.4 180.8 90.6 50.7 49.8 50.3 
01/02 - 16/02/2017 1 62.0 49.3 77.5 63.4 143.0 148.0 145.5 56.7 44.9 50.8 
16/02 - 02/03/2017 1 26.0 47.2 41.6 44.4 N/A N/A N/A 27.9 10.7 19.3 
02/03 - 16/03/2017 1 27.0 35.6 25.3 30.5 31.0 38.1 34.6 17.7 17.2 17.5 
16/03 - 29/03/2017 1 38.0 34.5 42.5 38.5 10.5 40.3 25.4 19.9 20.6 20.2 
29/03 - 13/04/2017 0 N/A 12.6 8.2 10.4 33.4 30.4 31.9 15.2 13.1 14.1 
13/04 - 26/04/2017 1 18.0 22.8 14.8 18.8 13.1 8.6 10.9 7.0 5.0 6.0 
26/04 - 11/05/2017 1 30.0 17.6 20.4 19.0 27.3 12.3 19.8 18.6 14.5 16.5 
11/05 - 25/05/2017 0 N/A 20.9 21.5 21.2 28.3 21.5 24.9 16.6 16.1 16.4 
25/05 - 08/06/2017 1 47.0 33.0 35.8 34.4 36.6 34.3 35.4 23.0 19.9 21.5 
08/06 - 22/06/2017 0 N/A 23.4 57.7 40.5 59.1 53.0 56.1 36.9 35.2 36.0 
22/06 - 06/07/2017 1 39.0 32.8 34.6 33.7 34.0 31.3 32.7 17.1 15.1 16.1 
06/07 - 20/07/2017 1 39.0 0.7 0.3 0.5 1.5 0.6 1.1 10.6 11.8 11.2 
 
    
Tillingbourne (River Wey) Weybridge (Lower Wey) 
 
Spot samples Chemcatcher TWA Chemcatcher TWA 
Deployment period # of samples  Average  CC 1 CC 2 Average CC 1 CC 2 Average 
20/7 - 3/8/2016 0 N/A 6.4 5.4 5.9 N/A N/A N/A 
3/8 - 17/8/2016 1 10.0 4.5 10.0 7.2 N/A N/A N/A 
17/8 - 31/8/2016 0 N/A 3.5 4.9 4.2 7.3 8.4 7.8 
31/8 - 14/9/2016 2 10.0 6.0 9.1 7.6 9.5 10.9 10.2 
14/9 - 28/9/2016 1 15.0 22.0 14.9 18.4 35.8 43.5 39.6 
28/9 - 12/10/2016 3 12.0 6.0 8.9 7.4 27.1 14.1 20.6 
12/10 - 26/10/2016 2 18.0 57.9 53.5 55.7 81.6 55.8 68.7 
26/10 - 09/11/2016 3 10.0 9.5 9.3 9.4 13.3 12.3 12.8 
09/11 - 23/11/2016 2 14.0 29.2 29.5 29.3 17.6 17.4 17.5 
23/11 - 07/12/2016 2 36.0 N/A N/A N/A 29.2 33.2 31.2 
07/12 - 21/12/2016 2 10.0 8.4 6.4 7.4 14.8 15.4 15.1 
21/12/2016 - 05/01/2017 2 23.0 14.3 11.8 13.0 8.7 8.2 8.4 
05/01 - 18/01/2017 2 10.5 7.9 7.7 7.8 9.7 8.1 8.9 
 18/01 - 01/02/2017 1 11.0 13.0 11.5 12.3 10.4 9.6 10.0 
01/02 - 16/02/2017 1 5.0 5.7 12.4 9.0 11.0 8.1 9.6 
16/02 - 02/03/2017 1 10.0 7.3 7.9 7.6 5.3 5.8 5.6 
02/03 - 16/03/2017 1 10.0 5.1 3.4 4.3 1.8 2.0 1.9 
16/03 - 29/03/2017 1 10.0 13.6 14.1 13.9 6.7 6.7 6.7 
29/03 - 13/04/2017 1 10.0 N/A N/A N/A 2.4 4.2 3.3 
13/04 - 26/04/2017 1 10.0 4.2 2.1 3.2 1.1 2.0 1.5 
26/04 - 11/05/2017 1 10.0 2.2 2.8 2.5 2.6 2.7 2.6 
11/05 - 25/05/2017 1 38.0 13.6 14.6 14.1 6.7 5.2 6.0 
25/05 - 08/06/2017 1 10.0 7.8 18.4 13.1 6.8 9.5 8.1 
08/06 - 22/06/2017 1 10.0 28.8 31.2 30.0 23.4 17.7 20.6 
22/06 - 06/07/2017 1 10.0 0.1 0.1 0.1 4.1 4.5 4.3 
06/07 - 20/07/2017 1 10.0 9.0 9.2 9.1 4.8 3.0 3.9 
 
 
 
    
River Enbourne (Shalford Bridge) 
 
Spot samples Chemcatcher TWA 
Deployment period # of samples Average CC 1 CC 2 Average 
20/7 - 3/8/2016 0 N/A 17.0 18.6 17.8 
3/8 - 17/8/2016 1 10 9.1 5.5 7.3 
17/8 - 31/8/2016 0 N/A 8.4 5.8 7.1 
31/8 - 14/9/2016 2 21 15.6 16.7 16.2 
14/9 - 28/9/2016 2 58 103.9 80.8 92.3 
28/9 - 12/10/2016 2 47 29.4 29.6 29.5 
12/10 - 26/10/2016 4 22.7 74.6 87.0 80.8 
26/10 - 09/11/2016 4 18.7 18.4 12.3 15.4 
09/11 - 23/11/2016 3 65.7 44.6 23.5 34.1 
23/11 - 07/12/2016 3 31 21.7 21.1 21.4 
07/12 - 21/12/2016 6 16.3 13.6 16.2 14.9 
21/12/2016 - 03/01/2017 3 12.7 16.3 13.6 14.9 
03/01 - 18/01/2017 5 13.6 17.5 17.3 17.4 
 18/01 - 01/02/2017 5 14.4 10.9 15.8 13.4 
01/02 - 16/02/2017 3 12.6 19.5 4.5 12.0 
16/02 - 02/03/2017 3 10 5.8 9.0 7.4 
02/03 - 16/03/2017 2 10 1.5 1.7 1.6 
16/03 - 29/03/2017 2 10 2.3 1.3 1.8 
29/03 - 13/04/2017 2 10 2.7 2.3 2.5 
13/04 - 26/04/2017 2 10 3.8 4.3 4.1 
26/04 - 11/05/2017 0 N/A 1.7 0.9 1.3 
11/05 - 25/05/2017 2 10 6.5 8.6 7.6 
25/05 - 08/06/2017 1 10 17.3 13.7 15.5 
08/06 - 22/06/2017 1 10 16.6 13.8 15.2 
22/06 - 06/07/2017 0 N/A 0.1 0.2 0.1 
06/07 - 20/07/2017 1 10 3.0 2.4 2.7 
 
 
 
 Comparison study 
Mimmshall Brook 
Deployment period 
Week 1 Week 2 Week 3 Week 4 Weeks 1-2 Weeks 3-4 Weeks 1-4 
UoP 
# of samples 4 4 4 4 6 6 10 
Average 89 102 73 92 88 91 90 
AFW 
# of samples 1 2 1 1 3 2 5 
Average 125 99 112 60 107 86 99 
ISCO 
# of samples 8 8 8 8 15 15 28 
Average 85 100 77 101 91 89 91 
ALL 
# of samples 13 14 13 13 24 23 43 
Average 89 91 78 95 93 84 91 
Chemcatcher TWA 
CC 1 175.6 N/A 123.4 N/A 92.6 146.8 N/A 
CC 2 160.1 N/A 116.5 N/A 94.7 115.4 N/A 
Average 167.9 N/A 119.9 N/A 93.7 131.1 N/A 
 
 
 post-clarifier feed 
Deployment period 
Week 1 Week 2 Week 3 Week 4 Weeks 1-2 Weeks 3-4 Weeks 1-4 
UoP 
# of samples 4 4 4 4 6 6 10 
Average 24 28 30 61 25 51 40 
AFW 
# of samples 1 1 1 2 2 3 5 
Average 39 28 21 68 34 52 45 
Online GC/MS 
# of samples 30 27 29 24 56 52 107 
Average 42 38 36 52 40 43 42 
ALL 
# of samples 35 32 34 30 64 61 122 
Average 39 36 35 54 38 44 42 
Chemcatcher TWA 
CC 1 78.1 43.0 31.4 51.9 41.2 53.6 58.3 
CC 2 65.4 36.3 34.4 45.6 40.9 42.6 59.4 
Average 71.8 39.7 32.9 48.8 41.0 48.1 58.8 
 
  
Appendix 2 
 
This Appendix provides full published papers and supplementary 
information published and used in this Thesis. 
Paper published in order of publication date are as follows; 
Schumacher, M., Castle, G., Gravell, A., Mills, G. A., & Fones, G. R. (2016). An 
improved method for measuring metaldehyde in surface water using liquid 
chromatography tandem mass spectrometry. MethodsX, 3, 188-194. 
Castle, G. D., Mills, G. A., Gravell, A., Jones, L., Townsend, I., Cameron, D. G., 
& Fones, G. R. (2017). Review of the molluscicide metaldehyde in the 
environment. Environmental Science: Water Research & Technology, 3(3), 
415-428. 
Castle, G. D., Mills, G. A., Bakir, A., Gravell, A., Schumacher, M., Townsend, 
I., ... & Fones, G. R. (2018). Calibration and field evaluation of the 
Chemcatcher® passive sampler for monitoring metaldehyde in surface water.  
Talanta, 179, 57-63. Castle, G. D., Mills, G. A., Bakir, A., Gravell, A., 
Schumacher, M., Snow, K., & Fones, G. R. (2018). Measuring metaldehyde in 
surface waters in the UK using two monitoring approaches. Environmental 
Science: Processes & Impacts, 20(8), 1180-1190. 
Castle, G. D., Mills, G. A., Gravell, A., Leggatt, A., Stubbs, J., Davis, R., & 
Fones, G. R. (2019). Comparison of different monitoring methods for the 
measurement of metaldehyde in surface waters. Environmental monitoring 
and assessment, 191(2), 75. 
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Metaldehyde is the active ingredient in most slug pellets used to protect crops. This molluscicide is consid-
ered an emerging pollutant and is frequently detected in surface water bodies above the EU statutory
drinking water limit of 0.1 μg L−1 for a pesticide. This presents a challenge for providers of drinking water.
Understanding the sources, transport and environmental fate of this compound is therefore important. This
critical review discusses these aspects including monitoring and analytical techniques used for the detec-
tion of metaldehyde in environmental matrices. Novel techniques used for the removal of metaldehyde
from drinking water are presented together with potential catchment management strategies and initiatives
useful for the mitigation of this molluscicide in the environment.
Introduction
Metaldehyde is the active ingredient, typically at 1.5, 3.0 or
4.0% by weight, in 80% of slug pellets used globally. It has
been used as a molluscicide since the early 1940's. Metalde-
hyde is manufactured by Lonza as Meta® Metaldehyde. This
active ingredient is then formulated by a number of suppliers
(e.g. Certis or De Sangosse)1–3 into granular bait pellets avail-
able under a range of trade names (e.g. Cekumeta®, Dead-
line®, Hardy®, Metarex® and Metason®).4 In Europe, metal-
dehyde slug pellets are manufactured/formulated at three
plants in the UK, four in France, two in Italy and Germany,
one in Spain and Switzerland. Metaldehyde is classified as a
‘moderately hazardous' pesticide (class II) by the World
Health Organization5 and a ‘restricted use pesticide’ by the
United States Environmental Protection Agency.6
Metaldehyde is not phytotoxic and is used by arable
farmers to protect crops such as cereals, oilseed rape and po-
tatoes. The effective control of molluscs is a serious concern,
as without the use of such a pesticide, there would be high
losses of valuable crop products, together with associated
economic consequences.7 In the UK it has been estimated
that a lack of effective slug control products could cost up to
£100 million a year in lost production.7
Approximately 1640 t of metaldehyde were used in Great
Britain between 2008 and 2014.2 Metaldehyde is generally ap-
plied to land in the autumn and winter months when mol-
luscs thrive in the wet weather conditions.8
Due to the physico-chemical properties of metaldehyde, it
is highly mobile in soil, and hence once applied, it can run-
off under wet conditions into field drains, gullies and surface
waters. There is no designated substance specific concentra-
tion limit set for metaldehyde in surface or drinking waters.
Concentrations of metaldehyde in water bodies in the UK
have frequently exceeded the European Union's regulatory
drinking water standard for an individual pesticide (0.1 μg
L−1 and 0.5 μg L−1 for total pesticides present) during periods
when slug pellets are applied.9 This has become a major is-
sue for water companies in the UK and elsewhere when such
surface waters are used subsequently as potable supplies.
Furthermore, the high polarity of metaldehyde makes it diffi-
cult to remove using conventional (e.g. granular activated car-
bon (GAC)) drinking water treatment processes.10 Conse-
quently, metaldehyde is now considered an emerging
Environ. Sci.: Water Res. Technol., 2017, 3, 415–428 | 415This journal is © The Royal Society of Chemistry 2017
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Water impact
Metaldehyde is a potent molluscicide and is applied to land as baited-pellets. Due to its physicochemical properties, metaldehyde runs off readily from
fields and enters surface water bodies where often it can be present at drinking water capitation sites at elevated concentrations. Understanding the
occurrence, fate and mitigation of this pesticide in the aquatic environment is now a major concern.
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pollutant of concern11 and there is interest in understanding
its source and fate in the environment. This is evidenced by
the increase in the number of scientific publications related
to metaldehyde, with sixty papers published since 2013
(Fig. 1).
This review assimilates the current knowledge on metalde-
hyde with particular emphasis on the effects of this pollutant
in the aquatic environment. It addresses the properties, fate
and concentrations of metaldehyde in water bodies, monitor-
ing and analytical techniques, and methods for its removal
from potable waters. Finally, future strategies for mitigating
the effects of metaldehyde and areas for future research are
discussed.
Properties and toxicity of
metaldehyde
Metaldehyde is a solid, synthetic, non-chiral aldehyde with
the chemical formula of C8H16O4 and was first discovered by
von Liebig in 1835.3 Metaldehyde is a dry alcohol, obtained
via the process of treating acetaldehyde with an acid catalyst,
such as hydrogen bromide. It is a cyclic tetramer of acetalde-
hyde and is classified as a highly polar organic compound. It
degrades to acetaldehyde, and thereafter into water and car-
bon dioxide. Metaldehyde is soluble and relatively stable in
water (Table 1).
The mode of action of metaldehyde is as follows – once
ingested it is rapidly hydrolysed to acetaldehyde, this causes
the mollusc to produce excess mucus, dehydrate and ulti-
mately die.15 Metaldehyde is a poison to most organisms
that ingest it, either directly or from consuming poisoned
prey. In mammals, metaldehyde is an irritant to the skin,
eyes, mucous membranes, throat and respiratory tract.16
Acute exposure generally results in excitation or depression
of the central nervous system and is associated with symp-
toms such as an inability to stand, changes in respiratory
rate, excessive sweating, salivation, blindness, seizures or
death.17 Following exposure, cellular changes in the liver
and kidneys have also been reported.17 These symptoms of
poisoning are thought to be caused by the metaldehyde
molecule itself rather than its break down product, acetal-
dehyde.18 The oral LD50 of metaldehyde is species depen-
dent, as discussed below.
Cases of metaldehyde poisoning in humans are not com-
mon.18,19 Although metaldehyde has a mild toxicity, in rare
cases the clinical course of metaldehyde poisoning can be
rapidly deteriorating health leading to death.20 Ellenhorn
and Barceloux21 reported that for minor effects to be ob-
served several mg kg−1 of compound must be ingested and
serious impacts are observed above 100 mg kg−1, with death
likely above 400 mg kg−1 concentrations. Human deaths aris-
ing from metaldehyde poisoning in England and Wales have
been documented by Thompson et al.22
Metaldehyde poisoning is commoner in other
mammals23–27 and is the second most common cause of poi-
soning in canines after chocolate.28 This is thought to be due
to the formulation of slug pellets which contain baits to at-
tract molluscs; unfortunately these baits also have a tendency
to attract domestic pets.29,30 In companion animals,
Fig. 1 Number of scientific papers published on metaldehyde from 1935 to early 2017 (source of data Scopus).
Environmental Science: Water Research & TechnologyCritical review
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ingestion of metaldehyde causes seizures and convulsions in
combination with a fever, which has given rise to the name
‘shake and bake syndrome’.31 Toxicity of metaldehyde in cats
and dogs has been reported32–34 with LD50 estimates of 207
and 500 mg kg−1 respectively.17 Poisoning by metaldehyde
can occur in cattle35,36 and horses37,38 with LD50 values of
400–500 and 300–400 mg kg−1 respectively.17
The effects of metaldehyde have also been studied in
other animal species. As earthworms share the same habitat
as molluscs they are often the most exposed soil dwelling or-
ganism during application of metaldehyde. Studies by Ed-
wards et al.39 and Langan et al.40 showed that exposure of
Lumbricus terrestris L. in microcosms to high concentrations
of metaldehyde had no effect on mortality, growth or feeding
rate. Hallett et al.41 investigated in the laboratory the impact
of metaldehyde on embryo development in the pond snail
Lymnaea stagnalis. Chronic effects from metaldehyde expo-
sure (high mg L−1 range) on embryo development were ob-
served, however, the authors' suggest that at typical environ-
mental exposures (μg L−1) there is a low risk to the early
developmental stages of this gastropod mollusc. Further-
more, recent work by Moreau et al.42 found that short term
in vivo exposure to metaldehyde (0.1 μg L−1 in sea water) had
a negative effect on the immune system of Pacific oysters,
thereby increasing their susceptibility to various infectious
agents present in the aquatic environment. Poisoning by met-
aldehyde has been reported in some bird species.43
Environmental behaviour and fate of
metaldehyde
In the UK, the agricultural use of metaldehyde as a mollusci-
cide has risen sharply since 1990, peaking over 2008 to
2009.2 This may, in part, be as a consequence of the banning
of stubble burning in 1993.44 Stubble burning was tradition-
ally used to kill snails and slugs and other pests and weeds
once crops were harvested. Additionally, other factors such as
changes to the crops being grown e.g. an increase in coverage
of oil seed rape and changes in weather patterns have also
contributed to increased usage. Typically metaldehyde
containing pellets are applied to land using a spinning disc
applicator. Application is dependent on the percentage of
molluscicide present in the pellet. Guidelines for the loading
per hectare in the UK are available from the Metaldehyde
Stewardship Group (a consortium comprising Certis Europe,
Chiltern Farm Chemicals Ltd., De Sangosse Ltd., Doff
Portland Ltd., Frunol Delicia GmbH, Lonza AG, Makhteshim-
Agan (UK) Ltd., SBM Development).45 The maximum applica-
tion rate is set as 210 g metaldehyde as active substance (a.s.)
per ha. However, for the additional protection of water
courses, a reduced rate of 160 g a.s. per ha is recommended
with a maximum of 700 g metaldehyde applied per ha per
year. Alternatively, if applying 4%, 3% or 1.5% metaldehyde
pellets to crops, the MSG Guidelines suggest the spread
should be 5, 7 and 7.5 kg ha−1 respectively and 4, 5 and 7.5
kg ha−1 near water courses.45,46
When applied to land, metaldehyde degrades in soil to ac-
etaldehyde and then CO2 and water, with a reported half-life
varying between 3.17–223 days depending on environmental
conditions.9,47 Due to its low organic-carbon/water partition
coefficient (Koc) (Table 1) metaldehyde moves in soil easily
and hence is found frequently in the aquatic environment.
Its movement in soil was studied by Zhang et al.,48 they
showed that following spiking with metaldehyde (1 mg kg−1),
adsorption to soil was highest 4 days after application reduc-
ing slowly thereafter. After 21 days the concentration of met-
aldehyde was reduced significantly ∼0.04 mg kg−1. In addi-
tion to movement through soils and subsequently entering
field drainage systems, metaldehyde can also enter water
bodies directly by inadvertent spreading of pellets into water-
courses. This includes point sources such as spills onto hard
surfaces that are eventually washed into drains and surface
run-off from fields following heavy periods of rainfall. Re-
search by the MSG has shown that metaldehyde pellets are
readily washed into surface waters after storm events.9 Once
in water, metaldehyde becomes more persistent as degrada-
tion is slowed, hence the compound has some semi-
persistence in the aquatic environment.3
Table 1 Chemical structure and physico-chemical properties of metaldehyde1,12–14
Structure
Molar mass1 176.21 g mol−1
CAS number1 108-62-3
IUPAC name1 2,4,6,8-Tetramethyl-1,3,5,7-tetraoxocane
Boiling point2 112 to 115 °C
Water solubility1 0.188 g L−1 at 20 °C
Vapour pressure3 0.66 mmHg at 25 °C
Flash point2 36 to 40 °C
Density1 1.27 g cm−3
log octanol/water partition coefficient (Kow)
1 0.12 at 20 °C
log organic-carbon/water partition coefficient (Koc)
4 0.18–0.37
Environmental Science: Water Research & Technology Critical review
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Plants can take up metaldehyde, although a study showed
in cabbages (exposed to concentrations of 17.4–68.6 mg kg−1)
it was rapidly degraded to undetectable concentrations within
12 days.4 Simms et al.49 investigated factors leading to uptake
of metaldehyde into oilseed rape and wheat. Results showed
that once seedlings had emerged metaldehyde was taken up
by roots and transported within the plant tissue.
Environmental concentrations of
metaldehyde
Recent improvements in analytical techniques have allowed
metaldehyde to be detected readily in river catchments.50
Metaldehyde was first detected in surface water in the UK in
2007 and subsequently has been identified intermittently in
some rivers (particularly those that run through intensively
farmed arable land) and reservoirs at concentrations that
exceeded the EU Drinking Water Directive value of 0.1 μg L−1
for any pesticide51,52 (Table 2). A major concern is where
such surface water bodies are used as supplies for potable
water. In order to mitigate this problem of deteriorating wa-
ter quality, field level scale pesticide risk maps (1 km grid
resolution as digital image files) have been produced for the
UK. These are used to identify areas at a high risk.53 This in-
formation has been used to identify and establish Drinking
Water Protected Areas (DrWPAs). In England (2014), over one
hundred DrWPAs were identified as being ‘at risk’ due to
pesticide contamination exceeding the EU Drinking Water Di-
rective limit in raw water.54 Metaldehyde is the most signifi-
cant active substance, causing a compliance risk in 102
(21%) of these DrWPAs. At these sites deemed to be ‘at risk’
of being polluted, safeguard zones (together with associated
action plans) in the upstream parts of the river catchment
are then established. There are 118 safeguard zones in place
in England due to pesticide pressures. Of these, there are 96
in place for surface water and 22 for groundwater.55 Similar
action plans are in place for other parts of the UK. Although
the agricultural usage of metaldehyde in continental Europe
is generally higher than in the UK, most of these countries
rely on the use of ground rather than surface water for their
potable supplies.
These issues led to pressure from regulators and water
companies, on the manufacturers of such molluscicides, to
identify ways of reducing their overall environmental impact.
The industry-led MSG, based in the UK, started a campaign
called ‘Get Pelletwise’ (http://www.getpelletwise.co.uk/). This
educational initiative was directed at large-scale users of slug
pellets and aimed to try and prevent or minimise the move-
ment of metaldehyde to water sources. The ‘Get Pelletwise’
campaign developed the best practice guidelines when using
metaldehyde, covering issues including dosage rates per hect-
are, maximum application rates, no application within 6 m
Table 2 Water sampling locations and those exceeding the EU Drinking Water Directive (DWD) concentration limit (0.1 μg L−1) for metaldehyde. Data
for English and Welsh water companies during 201558
Water company Total number of tests sites Tests exceeding limit Supply points failing DWD limit
Affinity Water 252 4 2
Albion Water 4 0 0
Anglian Water (leaving bulk supply) 268 32 10
Anglian Water (at consumer taps) 8 1 1
Bournemouth Water 99 0 0
Bristol Water 210 0 0
Cambridge Water (leaving bulk supply) 32 0 0
Cambridge Water (at consumer taps) 1 0 0
Dee Valley Water 48 0 0
Dŵr Cymru Welsh Water (leaving bulk supply) 8 0 0
Dŵr Cymru Welsh Water (at consumer taps) 73 0 0
Essex and Suffolk Water (leaving bulk supply) 76 0 0
Essex and Suffolk Water (at consumer taps) 134 0 0
Hartlepool Water 12 0 0
Independent Water Networks Ltd. 20 0 0
Northumbrian Water 282 1 1
Portsmouth Water 118 0 0
Severn Trent Water (leaving bulk supply) 545 2 1
Severn Trent Water (at consumer taps) 130 1 1
South East Water (leaving bulk supply) 303 2 2
South East Water (at consumer taps) 124 3 3
South Staffordshire Water 124 0 0
Southern Water 593 5 4
SSE Water (formerly Scottish & Southern Energy) 80 1 1
Sutton and East Surrey Water 23 0 0
Thames Water (leaving bulk supply) 706 2 1
Thames Water (at consumer taps) 9 2 1
United Utilities Water 56 0 0
Wessex Water 36 0 0
Yorkshire Water (leaving bulk supply) 136 2 1
Yorkshire Water (at consumer taps) 420 7 7
Environmental Science: Water Research & TechnologyCritical review
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of a watercourse, no application when heavy rain or winds
were forecast and no application if there was flow in field
drains.45 Other factors relating to field topography (e.g. slope,
soil type and drainage) affecting the movement of metalde-
hyde through the soil profile also need to be considered.
MSG in association with the Environment Agency (England
and Wales) also developed an information tool for farmers
called ‘What's in your backyard?’ (http://apps.environment-
agency.gov.uk/wiyby/). This is a geographical mapping appli-
cation showing areas in the UK at high-risk of potential con-
tamination by metaldehyde as well as other agricultural pol-
lutants. It was hoped by use of this tool a reduction in overall
usage of metaldehyde could be achieved.45
Despite these various campaigns, metaldehyde continues
to be found in surface and potable waters. For example in
the River Thames, concentrations of metaldehyde as high as
8.0 μg L−1 were found during late August–October, 2012;
months often associated with heavy rainfall.56 The maximum
concentration of metaldehyde found in treated drinking wa-
ter was ∼1.03 μg L−1; detected in the UK in November 2007
and December 2008.57 However, this concentration does not
present an immediate human health risk as is below the ac-
ceptable daily intake (0.02 mg metaldehyde per kg body
weight).57 More recently concentrations of metaldehyde
found in the environment have tended to be lower as the in-
troduction of the MSG guidelines has reduced its overall in-
put to water. However, metaldehyde can still be detected reg-
ularly above 0.1 μg L−1 (Table 2).
A study undertaken by Kay & Grayson9 assessed UK water
quality data over a two and a half year period (2008–2011) for
concentrations of metaldehyde in surface and potable water.
Importantly their study showed that pollution by metalde-
hyde was not correlated with soil type, slope or crops grown.
Furthermore, the measured concentration of metaldehyde in
water sampled downstream of the water treatment works
showed no significant difference with the concentrations
found entering the works, thus highlighting the ineffective-
ness of conventional techniques for the removal of metalde-
hyde from water. Due to its semi-persistence in the aquatic
environment, metaldehyde remains a concern with respect to
drinking water quality, adding to the pressure on water com-
panies and environmental agencies to monitor this pesticide
effectively in river catchments and at point sources.
Analytical techniques for measuring
metaldehyde
With the regular detection of metaldehyde in surface and po-
table waters there has been a focused effort to develop suit-
able monitoring and sensitive, quantitative analytical tech-
niques for measuring this pesticide at low concentrations in
a range of environmental matrices.52,59 Typically, instrumen-
tal techniques, such as gas chromatography (GC) coupled
with mass spectrometry (MS) and liquid chromatography
(LC) coupled with a triple quadrupole mass spectrometry
(MS/MS) are used. These are often used in conjunction with
isolation and pre-concentration techniques such as solid-
phase extraction (SPE). Some newer methods permit low
limits of quantification (<1.0 ng L−1) for metaldehyde.4,60
Gas chromatography methods
Early work used GC to detect metaldehyde in a range of ma-
trices after its conversion to acetaldehyde61 or by using
derivatisation techniques.62,63 More recently, GC/MS has
proved popular for the analysis of metaldehyde, being a ro-
bust and relatively simple methodology.64,65 Most workers
use similar GC conditions with a non-polar column such as
DB5-MS.66 Typically, metaldehyde has a short retention time
(typically ≲8 min) on this stationary phase. High oven tem-
peratures of up to 300 °C are needed to elute all the analytes
that can be present, as dimers of metaldehyde and acetalde-
hyde can be formed in analysis and these bond more strongly
to the non-polar stationary phase.66 Table 3 summarises
some GC methods that have been used to measure metalde-
hyde in water. Highly specific, gas chromatography triple
quadrupole mass spectrometry (GC/MS/MS) instruments have
been used to analyse metaldehyde. ALS Environmental com-
pared the results obtained from GC/MS and GC/MS/MS tech-
niques for the analysis of metaldehyde in water. Generally
measurements obtained using the two approaches were in
good agreement, however, GC/MS/MS showed a higher degree
of compound specificity.67
As water cannot be injected directly into a GC column,
aqueous samples require pre-concentration prior to instru-
mental analysis. This adds extra cost and is time consuming.
However, pre-treatment steps allow lower limits of detection
to be reached since 250–1000 mL water samples can be
extracted into a few mL of elution solvent. Often techniques
such as liquid/liquid extraction or SPE with different sorbents
are used for this purpose; some examples for the pre-
concentration of metaldehyde in water are given in Table 4.66
Liquid chromatography methods
Use of LC/MS methods can overcome many of the drawbacks
associated with GC and LC/MS is now the method of choice
for most end-users. Although LC/MS instruments are more
expensive to purchase initially, they can measure simulta-
neously a wide range (>100 compounds) of polar pesticides
in water and other environmental matrices at low limits of
detection.70 Table 5 shows some of the LC/MS methods used
to measure metaldehyde in environmental matrices. Most
methods use triple quadrupole (LC/MS/MS) detection systems
or more recently time of flight mass spectrometry71 to allow
for greater analyte specificity. Generally the separation
methods rely on reverse-phase interactions using a non-polar
stationary phase in combination with a polar mobile phase
e.g. aqueous mixtures of acetonitrile or methanol.72 Usually
the mobile phase contains a buffer such as ammonium ace-
tate/formic acid,73 but this can lead to the formation of mul-
tiple adduct ions (e.g. [M + H]+, [M + Na]+, [M + NH4]
+, [M +
K]+), thereby decreasing analytical sensitivity. Schumacher
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et al.74 overcame this problem by using an alkyl-ammonium
buffer (methylamine) as the mobile phase additive, thus sup-
pressing the formation of unwanted alkali adducts and di-
mers of metaldehyde leading to an improved detection limit.
Modern instruments are now highly sensitive (∼low ng L−1
detection limits) and enable metaldehyde to be quantified by
direct injection of environmental water samples.
Monitoring of metaldehyde
Monitoring strategies
The prescribed concentration value (PCV) for metaldehyde at
drinking water capitation sites is often exceeded in the UK,
and is now a major problem for water supply companies
(Table 2). This led to the establishment of river catchment
monitoring programmes for this pollutant, and to initiatives
to convince the major users of this pesticide to reduce its use
in their agricultural practises. These include guidance in The
Voluntary Initiative – Promoting responsible pesticide use,78
Catchment Sensitive Farming79 and the MSG45 whom have
promoted best practice in the application of metaldehyde.
However, the degree of voluntary action available to the agri-
cultural sector is constrained by both practical factors and fi-
nancial considerations. These aspects together with their im-
pacts on European regulatory considerations are discussed
further by Dolan et al.80,81
Metaldehyde is usually monitored in water by the use of
low volume (<5 L) spot (bottle or grab) sampling with subse-
quent analysis in the laboratory by GC/MS or LC/MS
methods. As the concentration of metaldehyde in surface wa-
ter can fluctuate over time the use of infrequent spot sam-
pling (typically collected weekly or monthly) is often an inef-
fective monitoring technique. This has been demonstrated by
Rabiet et al.,82 who showed that infrequent spot sampling
largely underestimated pesticide concentrations and fluxes
during storm events in a catchment. This finding agrees with
Table 3 Examples of gas chromatographic (GC) methods used for the analysis of metaldehyde in water66,68,69
GC column Carrier gas
Injection
temp
Injection
volume
Purge
flow
Purge
time
Retention
time
Limit of
detection
HP-5MS, 30 m × 0.25 mm diameter,
0.25 μm film thickness1
Helium, 30 mL s−1 300 °C 1 μL 50 mL min−1 1 min 6.3 min 0.005 μg L−1
DB5-MS, 30 m × 0.25 mm diameter,
0.25 μm film thickness1
Helium, 2 mL min−1 250 °C 2 μL 50 mL min−1 2 min 6 min 0.003 μg L−1
DB5-MS, 30 m × 0.25 mm diameter,
0.25 μm film thickness1
Helium, 1.5 mL min−1 250 °C 1 μL 50 mL min−1 2 min 6 min 0.006 μg L−1
HP-5MS, 30 m × 0.25 mm diameter,
0.25 μm film thickness1
Helium, 1 mL min−1 63 °C 1 μL _ _ 7 min 0.004 μg L−1
DB5-MS, 30 m × 0.25 mm diameter,
0.25 μm film thickness1
Helium, 2 mL min−1 270 °C 2 μL 50 mL min−1 2 min 6.5 min 0.004 μg L−1
SPB™-5, 30 m × 0.53 mm diameter,
0.5 μm film thickness2
Helium 5 mL min−1 100 °C _ 30 mL min−1 _ _ _
HP-5MS, 30 m × 0.25 mm diameter,
0.25 μm film thickness3
1 mL min−1 35 °C 1 μL _ _ _ _
Table 4 Examples of solid-phase extraction (SPE) techniques used to extract metaldehyde from water prior to gas chromatographic analysis66
SPE cartridge Conditioning solvent
Sample
volume Elution solvent
Evaporation
step Internal standard
BakerBond™
SDB1 200 mg
(3 mL)
10 mL methanol 250 mL 2 × 1 mL dichloromethane To 0.5 mL 5 μL
1,4-dichlorobenzene-d4
Strata-X 200
mg (3 mL)
2 × 2 mL methanol 250 mL 0.4 mL ethyl acetate : acetone 50/50%
(v/v), then add 1 mL iso-octane
N/A 50 μL
1,4-dichlorobenzene-d4
Isolute® ENV
+ 200 mg (3
mL)
3 mL methanol + 3 mL buffer
solution (5.420 g potassium
dihydrogen phosphate + 7.772 g
disodium hydrogen phosphate in 2 L
water)
1 L + 25
mL
buffer
solution
2 × 1 mL ethyl acetate N/A 100 μL
1,4-dichlorobenzene
Strata-X 200
mg (3 mL)
3 mL 2,2,4-trimethylpentane + 3 mL
acetone : ethyl acetate 50/50% (v/v)
100 mL 3 mL acetone : ethyl acetate 50/50%
(v/v) (soak for 1 min before elution),
then add 3 mL 2,2,4 trimethylpentane
(allow to soak for 1 min before
elution)
Post internal
standard to
200 μL
50 μL
1,3,5-trichlorobenzene-d3
Strata-X 200
mg (6 mL)
5 mL dichloromethane 500 mL 2 × 2 mL dichloromethane each left
for 5 min before eluted
Post internal
standard to
0.5 mL using
nitrogen
50 μL
1,4-dichlorobenzene-d4
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the earlier work of Louchart et al.,83 and Chen et al.,84 inves-
tigating loads and fluxes of pesticides during high flow
events.
To overcome these issues associated with diffuse pollution
events and to further understand the fate and movement of
chemicals in water, more complex, high frequency, monitor-
ing tools are required. Automated water collection devices
(e.g. ISCO – http://www.teledyneisco.com) capable of
collecting a series of water samples at prescribed time inter-
vals (e.g. hourly or daily) can be used for this purpose. Such
samplers can be triggered remotely to collect water during a
high flow storm-type event. This approach to monitoring is
expensive in terms of the capital cost of the equipment.52 In
addition the number of samples generated during a monitor-
ing campaign can add to laboratory operating costs. An alter-
native is the use of on-line or in situ methods.
On-line and in situ methods
GC or LC instruments coupled to various detectors have been
used at surface water sites so as to provide a rapid means for
the analysis of pesticides.85,86 Here instruments are
connected on-line and may be used in combination with di-
rectly coupled sample preparation techniques. Additionally,
the data generated can be transmitted telemetrically to a re-
mote control centre to facilitate management decisions, e.g.
for stopping the abstraction of water into a treatment works.
Such an on-line GC/MS system is currently being trialled by
Affinity Water, UK for monitoring metaldehyde.87
Recently a novel reactive paper spray mass spectrometry
method has been used to measure metaldehyde in water with
a limit of detection of 0.1 μg L−1 without any pre-
concentration or separation steps.88 The technique has po-
tential in the future to be coupled with a miniature mass
spectrometer to allow the on-site monitoring of metaldehyde
and other pesticides of concern.
An alternative on-line approach for measuring metalde-
hyde in water has been described. The Lonestar™ portable
analyser,89 uses a Field Asymmetric Ion Mobility Spectrome-
try (FAIMS) as the detection system (limit of detection, 0.1
μg L−1). This device is used for on-site detection in locations
such as water reservoirs. A spot sample of water is taken di-
rectly in the field and mixed with nitric acid to break down
the metaldehyde tetramer into four molecules of acetalde-
hyde, which are subsequently measured. Analysis time is
typically 15 min. Data can be visually presented as a series
of trigger or alarm values depending on the concentration
of metaldehyde measured (<0.1 μg L−1 = green, 0.1 > 0.5
μg L−1 = amber and >0.5 μg L−1 = red). To our knowledge
there have been no published field studies using the
Lonestar™ analyser. This portable system has potential in
the future for use as an on-line continuous monitoring sys-
tem that could transmit an alarm if concentration of metal-
dehyde exceeds a specified threshold value. Alternatives for
future application could be the development of simple,
rapid dip or stick tests to rapidly semi-quantify metaldehyde
in water.
Table 5 Examples of liquid chromatography based-methods used for the analysis of metaldehyde in different matrices10,72–77
Matrix LC conditions
Column
flow rate Detector LoD LoQ Reference
Water Agilent1260 Infinity system. Atlantis T3
C18 column. Mobile phase: water,
methylamine, acetic acid, acetonitrile.
0.3 mL
min−1
Agilent 6460 MS/MS 2.0 ng
L−1Ĳtap)
9.0 ng
L−1
(river)
4.0 ng L−1
(tap)20.0
ng L−1
(river)
Schumacher et al.,
(2016)74
Water Waters 2695 system. Mobile phase:
water, ammonium acetate, formic acid,
acetonitrile.
0.2 mL
min−1
Waters Quattro Premier
Xe MS/MS
0.5 μg
L−1
— Jefferson et al.,
(2016)75
Water Agilent system. Phenomenex Kinetex
phenyl-hexyl column. Mobile phase:
water, formic acid, ammonia,
acetonitrile.
0.35 mL
min−1
Agilent 6410 MS/MS — — Semitsoglou-Tsiapou
et al., (2016)76
Water Agilent 1100 system. Ascentis express
fused core C18 column. Mobile phase:
water, methanol.
0.25 mL
min−1
Bruker Daltonik HCT
Esquire ion trap
0.05 μg
L−1
— Busquets et al.,
(2014)10
Water Waters 2695 system. Mobile phase:
water, ammonium acetate, formic acid,
acetonitrile.
0.2 mL
min−1
Waters Quattro Premier
Xe MS/MS
— — Autin et al., (2013a)73
Water Waters Acquity system. Acquity BHE
C18 column. Mobile phase: water,
ammonium acetate, methanol.
0.2 mL
min−1
Waters Xevo TQ MS/MS 3.0 ng
L−1
10.0 ng L−1 Li et al., (2010)4
Vegetables Agilent 1200 system. Zorbax C18
column. Mobile phase: water,
acetonitrile.
0.3 mL
min−1
Agilent 6410 MS/MS 100.0
ng L−1
200.0 ng
L−1
Zhang et al. (2011a
and 2011b)60,72
Animal
stomach/intestinal
contents
Spherisorb ODS-2 column. Mobile
phase: water, methanol.
0.8 mL
min−1
Shimadzu RF-535 fluo-
rimeter. Excitation λ =
380 nm, emission λ =
450 nm
Brown et al., (1996)77
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Passive sampling devices are an in situ monitoring
method. These devices have been used extensively to measure
a wide range of pollutants in the aquatic environment.90
Samplers can be deployed in the field for extended periods
(from days to months) where they continually sequester com-
pounds. Once calibrated, in the laboratory or in the field,
they permit the estimation of time-weighted average concen-
trations of substances over the deployment period.91 Several
different designs of sampler are available for monitoring po-
lar pollutants such as metaldehyde, including: Polar Organic
Chemical Integrative Sampler (POCIS),92,93 Chemcatcher®94
and Diffusive Gradients in Thin-films (DGT).95 A variant of
the Chemcatcher® using an HLB (Horizon Atlantic 47 mm
disk) receiving phase overlaid with a polyethersulfone diffu-
sion limiting membrane has been shown to sequester metal-
dehyde in surface waters. Uptake of metaldehyde (expressed
as volume of water cleared per unit time, ∼16 mL per day)
was found to be linear for over 14 days both in laboratory
and in-field calibration experiments. The performance of this
device for investigating the sources and fluxes of metalde-
hyde is presently being evaluated alongside routine spot sam-
pling procedures at a number of river catchments in the
UK.96
Remediation strategies for
metaldehyde
Removal techniques
Due to its high polarity metaldehyde dissolves readily in wa-
ter (solubility of ∼200 mg L−1 at 17 °C) and is considered
semi-persistent in the aquatic environment.97 This property
makes metaldehyde recalcitrant to removal using conven-
tional drinking water treatment processes that are based on
adsorption of substances to GAC or powdered activated car-
bon (PAC) materials. Both materials require differing carbon
bed volumes and contact times and have different break
through capacities. Using GAC to remove metaldehyde is
problematic; firstly, due to competitive adsorptive binding by
dissolved organic carbon and with other polar pesticides that
may also be present in the environmental waters and sec-
ondly, due to desorption under certain operational condi-
tions, such as a significant decrease in its influent concentra-
tion. Furthermore, the percentage removed is also a function
of the concentration of metaldehyde present. Tests showed
that water bodies with higher concentrations of metaldehyde
can give relative removal efficiencies of up to 90% using
GAC. This, however, decreases at lower values e.g. 30–50% re-
moval at 0.5 μg L−1 and significantly less removal at lower
concentrations ∼0.2 μg L−1.59 Data from Kay & Grayson9
suggested, that at typical environmental concentrations, such
conventional water treatment processes have marginal or no
effect on reducing metaldehyde found at the inlet and outlet
of the works. Removing metaldehyde from water using GAC
techniques also shortens the functional lifetime of the bed,
which then requires expensive regeneration or disposal. Due
to the increased need to remove metaldehyde from potable
supplies in many areas of the UK, this in the short-term, has
placed significant demands on the limited operational capac-
ity of the available regeneration plants. Increasing this capac-
ity over the longer term will be expensive, with new facilities
expected to cost ∼£30–44 million.59 Continual removal of
used material and its replacement with freshly activated car-
bon is an alternative process, but this very expensive to
operate.
These issues have led to the development alternative
clean-up techniques. These include ‘designer’ materials such
as tailored phenolic-based carbons10 or nano-sized zinc com-
posites,12 biologically active sand filters98 and more sophisti-
cated clean-up methods (e.g. ultra-violet (UV) oxidation com-
bined with hydrogen peroxide (H2O2) treatment
99 for the
effective removal of metaldehyde (Table 6). Although standal-
one catalytic and electrochemical approaches are useful, the
most widely used removal methods are based on UV ad-
vanced oxidation, often combined with another technique.
Several different types of oxidation processes have been
tested, such as UV/H2O2, UV/TiO2 and UV emitting di-
odes,73,99,100 all with different performance characteristics. In
pilot scale studies high removal efficiencies in excess of 90%
are now achievable for metaldehyde. A recent study by
Semitsoglou-Tsiapou et al.,76 investigated the degradation ki-
netics for metaldehyde and the reaction products formed
when using low pressure UV/H2O2 advanced oxidation pro-
cesses. Their results showed that metaldehyde is effectively
degraded, undergoing hydroxylation to ultimately yield, rela-
tively benign, acetic acid as the major reaction end product.
However, all these processes have high energy demands, pre-
dicted to be typically fifty times that of water disinfection
processes. Use of light emitting diodes, however, can reduce
energy consumption. In the future there maybe the possibil-
ity to use genetically modified bacteria that target single con-
taminant as a clean-up method.
Use of these advanced ‘end-of-pipe’ water treatment pro-
cesses is expensive. In 2015, Anglian Water, the major
drinking water supplier in the East of England (an agricul-
tural region with high use of molluscicides) began operating
a metaldehyde removal plant at a treatment works in Lin-
colnshire that abstracts water from the River Trent. The
‘low-energy’ plant uses membrane filters followed by UV/
H2O2 oxidation then GAC water polishing adsorbers to give
high removal rates for metaldehyde and other pesticides
that may also be present.106 Based on operational costs at
this site, Anglian Water predicted that to introduce similar
systems across their supply region (27 500 km2) would cost
an additional £17 million per year to operate. This would
lead to an increase of 21% to their customer's utility bill.107
It was highlighted, therefore, that such a technology ap-
proach was not practicable and unlikely to be acceptable.
More viable alternatives, such as a cross-sector collaboration
in the management of river catchments and an increased
awareness of water quality issues within the agricultural
community were suggested as possible solutions to the
problem.
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Catchment initiatives
In the arable farming industry there have been many at-
tempts to prevent applied pesticides entering the aquatic en-
vironment. One of the most common methods is the con-
struction of swales; channels lined with grass that control the
velocity of run-off from fields and can also remove some pol-
lutants through the filtration of water through vegetation.108
There has been recent interest in using this approach for the
capitation of metaldehyde arising from diffuse run-off from
fields during excessive rainfall events. Swales are often used
in combination with other catchment sensitive farming ini-
tiatives. These include rural sustainable drainage systems
that slow down or prevent the transport of pollutants to wa-
tercourses by breaking the delivery pathway between the pol-
lutant source and the receptor109 and better pesticide storage
and management. Training (e.g. on calibration of pellet appli-
cators) and advice for farmers are also available in collabora-
tive practices to mitigate the environmental impact of pesti-
cides.110 Several water companies, rivers trusts and non-
governmental agencies in the UK are also involved in these
Table 6 Different laboratory or pilot scale techniques used for the removal of metaldehyde from water. Key: GC/MS = gas chromatography/mass
spectrometry, 1H-NMR = proton nuclear magnetic resonance spectroscopy, H2O2 = hydrogen peroxide, LC = liquid chromatography, LC/MS = liquid
chromatography/mass spectrometry, TAML = tetra-amido macrocyclic ligands, TiO2 = titanium dioxide, UV = ultra-violet, ZnO = zinc
oxide10,12,69,73,75,76,98–105
Removal technique
Adsorption
capacity for
metaldehyde
Removal
Analysis
technique Reference
Conc.
before
%
removed
Photocatalytic reactions using nano-sized zinc oxide composites 500 μg
L−1
56 GC/MS Doria et al., (2013)12
Tailored phenolic carbon 76 mg
metaldehyde/g
carbon
— — LC/MS Busquets et al.,
(2014)10
Modified graphene Up to
mg
L−1
>92 LC/MS Nguyen et al.
(2017)105
Biologically active sand filters in pesticide degraders 10 μg
L−1
70 GC/MS Rolph et al., (2014)98
Novel coupled adsorption and electrochemical destruction technique 250 μg
L−1
45 LC/MS,
GC/MS
Nabeerasool et al.,
(2015)69
2000
μg L−1
25
12 000
μg L−1
12
8000
μg L−1
>90
Heterogeneous catalytic degradation using Macronets, followed by
acetaldehyde removal using amine functionalised ion-exchange resin
200 mg g−1
Macronet
GC, LC Tao & Fletcher,
(2016)101
UV/H2O2 advanced oxidation process 10 μg
L−1
>90 LC/MS/MS Autin et al., (2012)99
UV/TiO2 advanced oxidation process 10 μg
L−1
<50 LC/MS/MS Autin et al.,
(2013b)100
UV light emitting diodes advanced oxidation process 0.25
μg L−1
40 to
0.1 μg
L−1
LC/MS/MS Autin et al., (2013a)73
UV/H2O2 advanced oxidation process incorporating micro-filtration and
reverse osmosis
0.2 μg
L−1
>90 LC/MS/MS James et al.,
(2014)102
Adsorption and photocatalytic degradation using nano-sized
ZnO/LAPONITE® composite under UV irradiation
0.1
mg
L−1
95 GC/MS Kim & Campos,
(2015)103
2 mg
L−1
55
0.5
mg
L−1
92
1 mg
L−1
69
Low pressure UV/H2O2 degradation at UV fluence of 1000 mJ cm
−2 and
15 mg L−1 H2O2
5 mg
L−1
97.7 LC/MS/MS Semitsoglou-Tsiapou
et al., (2016)76
High UV dose and alkaline UV/H2O2 degradation 10 μg
L−1
8 mM LC/MS/MS Jefferson et al.,
(2016)75
Oxidative degradation using macrocyclic ligand catalysis, TAML/H2O2 18 000 mg g
−1
TAML
1H–NMR Tang et al., (2016)104
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projects concerned with metaldehyde. A recent example is
the ‘Slug It Out’ campaign111 funded by Anglian Water in the
UK with the aim of protecting a number of reservoirs. Results
to date are promising with major decreases, up to 60%, in
the concentration of metaldehyde being found in the associ-
ated river tributaries.112 Other water companies in the UK
(e.g. Affinity, Severn Trent, Southern Water and Thames Wa-
ter) have on-going catchment-based initiatives, including pay-
ments for non-usage, designed to reduce inputs of
metaldehyde.
Alternative molluscicides
Metaldehyde is the most widely used molluscicide and is
dominant in the marketplace (Fig. 2). Since 1990 its use grad-
ually increased, peaking between the years 2008–2009. After
this time period, application rates have dropped significantly,
due largely to the campaign ‘Get pellet wise’ that started in
2010 which established improved guidelines for the safe use
of products containing the active ingredient metaldehyde.
Other substances such as Methiocarb and ferric phosphate
can also be used as molluscicides.2 Some of the recent de-
creases in the number of drinking water PCV exceedances
found for metaldehyde in the UK, is due in part, to the in-
creased take up of ferric phosphate by the agricultural sector.
Methiocarb (C11H15NO2S, also known as mercapto-
dimethur) is a carbamate pesticide and has been available
since the early 1960s.1 It has a number of agricultural appli-
cations including being a powerful molluscicide (e.g. in prod-
ucts such Draza Forte and Decoy Wetex manufacturer by
Bayer CropScience). Once ingested, Methiocarb exhibits neu-
rotoxic effects on molluscs and has a potency higher (∼10
times) than that of metaldehyde.113,114 Methiocarb is less po-
lar (logKow = 3.18 at 20 °C) and less water soluble (0.027 g
L−1 at 20 °C) than metaldehyde.1 The formulated pellets de-
grade slowly and hence are effective even in wet conditions
and are less repellent to slugs compared with metaldehyde,
allowing more active ingredient to be consumed before termi-
nation of feeding.115 Typically they were used on high value
crops such as potatoes. However, due to recent concerns over
its toxicity, particularly towards seed eating birds, such as
sparrows and finches, use of this pesticide in formulated pel-
lets was banned across the European Union in late 2014.116
All farm stocks had to be used by September, 2015. In the
short term this ban is likely to increase the use of metalde-
hyde. However, Methiocarb can still be used in seed treat-
ments products such a Mesurol.
Currently, the only alternative for metaldehyde is ferric
phosphate (FePO4).
117 This compound is highly insoluble in
water.1 It is generally formulated in pasta type pellets, and
several varieties of these are available commercially (e.g.
Derrex®, Ferramol®, Ironmax Pro®, Sluggo®, or Sluxx®)
containing differing amounts of ferric phosphate. Neudorff
GmbH, based in Germany, is the largest producer. Ferric
phosphate can be formulated with ethylene diamine tetra-
cetic acid (EDTA) or ethylene diamine succinic acid (EDDS)
so as to increase the solubility of the iron, and hence toxicity
towards the mollusc.39 Application rates are typically 3–7 kg
ha−1 of a 3% formulation (90–210 g ha−1 as ferric phosphate).
Once ingested, this chemical causes pathological changes to
a mollusc's digestive system, particularly calcium metabo-
lism, quickly causing it to stop feeding and become less mo-
bile. Death usually occurs within 3–6 days. There is evidence,
however, that some ferric phosphate formulations have
Fig. 2 Comparison of the use (expressed as area of land treated) of metaldehyde (square), methiocarb (diamond) and ferric phosphate (triangle)
molluscicides in the UK between the years 1990–2015 (source: FERA, 2016).2
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adverse effects on earthworms and other soil-inhabiting in-
vertebrates such as beetles, millipedes and woodlice.39
The use of ferric phosphate has gradually increased since
its introduction to the market in 2005 (Fig. 2). Often metalde-
hyde is still preferred, due to its long and widespread use
and also as it is perceived to cost less than ferric phosphate
on a per kg basis. Some water companies as part of their
catchment initiatives offer a financial incentive to use ferric
phosphate (e.g. Southern Water offers a £1 kg−1 used incen-
tive). Additionally, metaldehyde causes slugs to remain above
the soil upon death and this allows the user to see that the
product is working. Ferric phosphate causes the slugs to bury
themselves in the soil where they subsequently die, this does
not show the user that the molluscicide has been effective.
Instead growers have to be guided by the degree of crop dam-
age after the application of the chemical.118 The overall im-
pact, particularly on the aquatic environment, of ferric phos-
phate is significantly less than that of metaldehyde. For
example, restricting the use of ferric phosphate baits near wa-
tercourses and wet weather conditions are unnecessary. Al-
though it is difficult to predict with certainty, it is expected
that the use of ferric phosphate formulations will grow in the
future, as pressure increases from within the regulatory sec-
tor and water suppliers on limiting the agricultural use of
metaldehyde.
Conclusions
Metaldehyde is a potent tool in fighting pests that damage
crops. Even though it has been used for over 75 years, until
recently little research has been directed to the occurrence,
persistence and environmental fate of this pesticide. There
have been sparse efforts directed towards its widespread
monitoring in surface waters, even though during the au-
tumn and winter months in the UK, peak concentrations of
metaldehyde often exceed the European Union regulatory
limit (0.1 μg L−1) for any pesticide. Alternative approaches to
monitoring and better defined campaigns are now needed, as
the use of infrequent spot sampling, does not give the re-
quired temporal and spatial resolution needed to develop ef-
fective management plans for reducing the environmental
impact of this pollutant.
Even though based on the available toxicity data for typi-
cal environmental concentration of metaldehyde, there are
no perceived health risks; use of surface water contaminated
with metaldehyde to produce potable supplies is a growing
concern for water companies. The problem is particularly dif-
ficult to address because the physico-chemical properties of
this compound make it resistant to removal by conventional
drinking water treatment processes. Recent collaborative river
catchment initiatives have helped reduce concentrations of
metaldehyde in several regions of the UK, but some water
companies who are impacted by this issue, are now also
assessing expensive end-of-pipe treatment processes. Once
functioning, these advanced treatment works will have signif-
icant operating costs and over the short-to-medium term lead
to increased utility bills for their customers.
Metaldehyde still remains the molluscicide of choice
within the agricultural community. Recently controlled re-
lease formulations have been developed so as to slow the in-
put of the active ingredient into the environment.119 Pilot tri-
als for these preparations are on going. Alternatively there
are encouraging results that the new ferric phosphate-based
formulations can be used as a direct, cost effective replace-
ment for metaldehyde on all crop types. The long-term future
use of metaldehyde is difficult to predict with certainty. One
solution might be to amend the blanket European Union
Drinking Water Directive limit to take into consideration
compound specific toxicological and ecological effects. This
would potentially permit a higher concentration of metalde-
hyde to be present in surface water capitation sites. If this is
not the case, then there is a realistic chance that the use of
metaldehyde in poison-baited pellets could be restricted in
the UK, with some predictions by as early as 2020.
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metaldehyde in surface water using liquid
chromatography tandem mass spectrometry
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G R A P H I C A L A B S T R A C T
A B S T R A C T
The molluscicide metaldehyde (2,4,6,8-tetramethyl-1,3,5,7-tetraoxocanemetacetaldehyde) is an emerging
pollutant. It is frequently detected in surface waters, often above the European Community Drinking Water
Directive limit of 0.1 mg/L for a single pesticide. Gas chromatography mass spectrometry (GC–MS) can be used to
determine metaldehyde in environmental waters, but this method requires time consuming extraction
techniques prior to instrumental analysis. Use of liquid chromatography-tandem mass spectrometry (LC–MS/MS)
can overcome this problem. We describe a novel LC–MS/MS method, using a methylamine mobile phase additive,
coupled with on-line sample enrichment that allows for the rapid and sensitive measurement of metaldehyde in
surface water. Only the methylamine adduct of metaldehyde was formed with other unwanted alkali metal
adducts and dimers being suppressed. As considerably less collision energy is required to fragment the
* Corresponding author.
E-mail address: gary.fones@port.ac.uk (G.R. Fones).
http://dx.doi.org/10.1016/j.mex.2016.03.004
2215-0161/ã 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
MethodsX 3 (2016) 188–194
Contents lists available at ScienceDirect
MethodsX
journal homepage: www.elsevier.com/locate/mex
methylamine adduct, a ﬁve-fold improvement in method sensitivity, compared to a previous method using an
ammonium acetate buffer mobile phase was achieved. This new approach offers:
 A validated method that meets regulatory requirements for the determination of metaldehyde in surface water.
 Improved reliability of quantiﬁcation over existing LC–MS/MS methods by using stable precursor ions for
multiple reaction monitoring.
 Low limits of quantiﬁcation for tap water (4 ng/L) and river water (20 ng/L) using only 800 mL of sample;
recoveries > 97%.
ã 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Method details
Reagents and standards
Acetonitrile and methanol of LC–MS grade purity were from VWR International Ltd. (Lutterworth,
UK). Deuterated metaldehyde-d16 (>99 atom% deuterium) was from QMX Laboratories Ltd. (Thaxted,
UK). Metaldehyde (99%) and methylamine (2 M) were from Sigma-Aldrich Ltd. (Gillingham, UK).
Ultrapure water (18 MV  cm) was used throughout and was produced from an Elga Purelab Prima
water system (High Wycombe, UK).
Glassware is cleaned using a 10% Decon-90 solution (Decon Laboratories Ltd., Hove, UK), then
rinsed with tap water, ultrapure water and ﬁnally methanol. Metaldehyde stock solution is prepared
by dissolving 25 mg metaldehyde powder in 25 mL methanol to give a concentration of 1 g/L. The
solution is kept in the dark at room temperature. Subsequent dilutions in methanol are undertaken to
produce a ﬁnal concentration of 50 mg/L, this solution is used to produce the aqueous calibration
standards.
An internal standard stock solution (deuterated metaldehyde-d16) is prepared by dissolving 10 mg
of the powder in 10 mL methanol to give a concentration of 1 g/L. Subsequent dilutions in methanol are
Table 1
Mass spectrometer source conditions.
Gas Temp (C) 250
Gas Flow (L/min) 5
Nebuliser pressure (psi) 60
Sheath gas heater (C) 300
Sheath gas ﬂow (L/min) 11
Capillary voltage (V) 3000
Nozzle voltage (V) 1000
Table 2
Solvent elution timetable.
Time (min) Solvent B (%)
0 30
3 67.5
3.5 100
4.5 100
5.0 30
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undertaken to produce a ﬁnal concentration of 50 mg/L. Each sample and calibration standard
prepared in ultrapure water is spiked with internal standard to give a concentration of 1 mg/L.
A 2.5 mM methylamine + 0.05% acetic acid solution is prepared in a fume hood by adding 250 mL of
acetic acid and 625 mL of 2 M methylamine to 500 mL of ultrapure water. This solution is freshly
prepared every 3 days.
LC–MS/MS instrumentation
All measurements are performed using an Agilent 1260 Inﬁnity LC system comprising a 6460 triple
quadrupole (Part No. G6460A) equipped with a jet stream electrospray ionisation source (Part No.
G1958-65138), vacuum degasser (Part No. G1379B), binary pump (Part No. G1312B) and thermostated
column compartment (Part No. G1316A). The LC system, mass spectrometer and data analysis are
controlled using Agilent Mass Hunter software version B.05.01. (Agilent Technologies, Santa Clara,
USA).
The analytical column is an Atlantis T3 (C18), 2.1 mm  50 mm, 3 mm particle size (Part No.
186003717), with an Atlantis T3, 2.1 mm  10 mm used as guard column, (Part No. 186003756),
Waters, Elstree, UK). The mobile phase consists of an aqueous 2.5 mM methylamine + 0.05% acetic acid
solution (solvent A) and acetonitrile (solvent B) at a ﬂow rate of 0.3 mL/min and is used in the gradient
elution mode. Mass spectrometer source conditions and solvent elution conditions are shown in
Tables 1 and 2 respectively. Total run time is 8 min.
On-line sample enrichment
The sample is introduced via an on-line enrichment system comprising a standard Agilent
1260 Inﬁnity quaternary pump, Agilent 1260 auto-sampler and a programmable Agilent 1200 Inﬁnity
12 port/6-position selection valve (Part No. G1159A). A second programmable Agilent 1200 Inﬁnity 2-
Table 3
On-line SPE conditions.
Mobile phase A: Water (2.5 mM methylamine + 0.05% acetic acid)
B: Acetonitrile
Temperature Ambient
Mobile phase (quaternary/loading pump) A: Water
B: Acetonitrile
Quaternary pump sample loading ﬂow (mL/
min)
1.0
Sample loading ﬂow (mL/min) 1.0
Injection volume (mL) 800
Gradient programme: Time (min) (% solvent B)
0.0 0
0.5 100
5.0 100
5.5 0
7.7 0
8.0 0
Injector Programme: Command
DRAW: deﬁned amount from sample from vial
(800 mL)
speed 500 mL/
min
VALVE: main-pass
WAIT: 3.5 min
REMOTE: start pulse
WAIT: 2.0 min
EJECT: deﬁned amount into seat speed 900 mL/
min
2-position/6-port valve set-point timetable Time (min) Position
0.0 2
0.1 1 (elution)
2.0 2 (conditioning)
190 M. Schumacher et al. / MethodsX 3 (2016) 188–194
position/6-port valve (Part No. G1158A) is used to select between loading onto a re-useable solid-
phase extraction (SPE) cartridge or elution onto the analytical column. The entire on-line enrichment
system is fully integrated and controlled by the Agilent Mass Hunter software. 800 mL aliquot of
sample is introduced into the loading line via the auto-sampler and pumped using the quaternary
pump onto a Waters re-usable Oasis HLB on-line SPE cartridge (2.1 mm  10 mm) (Part No.
186005786). Following sample enrichment the SPE cartridge is eluted (back-ﬂushed) by the binary
pump gradient onto the analytical column for separation and detection of metaldehyde by the mass
spectrometer. The on-line programme for the conditioning, loading and elution of SPE cartridge is
shown in Table 3. The on-line system is shown schematically in Fig. 1.
Sample preparation
Dilute stock metaldehyde solution (50 mg/L) in ultrapure water to obtain working calibration
standard solutions of concentration 0, 10, 50, 100, 300, 500, 750 and 1000 ng/L
Attach an Oasis HLB cartridge to the 12 port/6-position selection valve.
Add 1 mL of sample and working calibration standard solutions into labelled silanized auto-
sampler vials. Add 20 mL of internal standard solution (50 mg/L) to each vial and mix. Transfer to auto-
sampler tray.
Load method which contains the entire LC conditions and switching valve programme, as shown in
Table 3, via the Mass Hunter data acquisition software.
Fig. 1. Schematic of the on-line enrichment system shown in sample load position.
Table 4
LC–MS/MS acquisition conditions.a
Compound Precursor
mass (m/z)
MS
resolution
Product
mass (m/z)
Dwell
time (ms)
Fragmentor
voltage (V)
Collision
energy (eV)
Cell acceleration
voltage (V)
Metaldehyde-d16 224.3 Unit 80.2 250 135 3 7
Metaldehyde
(Quantitative)
208.2 Unit 76.1 250 135 3 7
Metaldehyde
(Qualitative)
208.2 Unit 176.1 250 135 3 7
a The mass spectrometer was operated in positive electrospray and multiple reaction monitoring (MRM) mode.
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Allow system to stabilise for 30 min prior to commencing analysis. Ensure that the on-line
enrichment and HPLC system is leak free.
Analyse samples and calibration standards solutions and prepare a calibration Table via the Mass
Hunter data analysis software.
Data acquisition
Data acquisition was performed in multiple reaction monitoring mode (MRM) between 1.8–
3.0 min using the conditions shown in Table 4.
Quantiﬁcation
The ion transitions m/z = 208.2 to m/z = 76.1 and m/z = 208.2 to m/z = 176 are used for quantiﬁcation
and qualiﬁcation of metaldehyde respectively. The ion transition for the internal standard is m/
z = 224.3 to m/z = 80.2. The calibration curve for metaldehyde is obtained by injecting standards at
concentrations of 0, 10, 50, 100, 300, 500, 750, 1000 ng/L. These are made up from stock solutions as
described above and spiked with internal standard (1 mg/L) prior to analysis. Linear regression is
applied to the internally standardized calibration plot with a weighting factor of 1/x which results in a
better ﬁt of the values for the lower concentration standards. The correlation coefﬁcient (R2) for the
eight point calibration is typically > 0.999.
Validation
Validation was undertaken using the Water Research Centre NS30 protocol. This is accepted as best
practice within the water industry in the UK for the derivation of the accuracy requirements of an
analytical system when monitoring to a particular water quality standard [1]. NS30 requires a series of
tests to be carried out to assess the precision of analysis across the analytical range, over a period of
two weeks or longer. It is also consistent with the speciﬁcations made within ISO/TS 13530:2009.
Limits of quantiﬁcation (LoQ) of 4 and 20 ng/L were obtained using tap water and river water matrices
respectively. Recoveries of metaldehyde from both matrices were > 97%. A summary of the validation
data is shown in Table 5.
The method was further validated by participation in Aquacheck, an analytical proﬁciency testing
scheme provided by LGC and accredited by the UK Accreditation Service (UKAS). The result of 68.3 ng/L
obtained by the new method showed good agreement with the assigned value for metaldehyde of
60.1 ng/L, well within the Z-score threshold of 2 to pass the test.
Table 5
Summary of validation data for the on-line LC–MS/MS method.
Matrix Level Spiked conc.
(ng/L)
Measured conc.
(ng/L)
Batches DoF LoD rounded
(ng/L)
LoQ %
RSD
%
Bias
% Rec % UoM
Tap
water
Unspiked – – 11 11 2.0 4.0 – – – 25.1
Low
spike
100.0 99.0 11 13 6.8 1.0 97.6
High
spike
750.0 743.0 11 16 4.5 1.0 98.9
River
water
Unspiked – – 11 14 9.0 20.0 – – – 27.1
Low
spike
108.0 108.0 11 20 7.8 0.1 100.0
High
spike
758.0 748.0 11 15 4.5 1.4 98.6
The tap water and river water used for validation experiments contained measurable ﬁeld incurred residues of metaldehyde
which were taken into account when calculating the LoD and LoQ. Key: DoF = degrees of freedom, LoD = limit of detection,
LoQ = limit of quantiﬁcation, RSD = relative standard deviation, Rec = recovery, UoM = uncertainty of measurement.
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Additional information
Metaldehyde is an emerging pollutant in environmental waters. It is used to control slugs and
snails in a wide range of agricultural, horticultural and domestic crops and is the most widely used
molluscicide in the UK. Metaldehyde is very stable, not readily biodegradable and is frequently found
in the aquatic environment at concentrations far exceeding the European Community Drinking Water
Directive limit of 0.1 mg/L [2]. During 2012, fourteen water companies in England recorded a total of
232 regulatory exceedances for metaldehyde. Such exceedances have led to water companies being
required to effectively monitor the sources and ﬂuxes of metaldehyde in the aquatic environment
under their management [3].
Typically GC–MS, using single or triple quadrupole instruments, is used to determine metaldehyde
in water at concentrations above or below the Drinking Water Directive limit [4]. GC–MS methods
require metaldehyde to be extracted from the water using time consuming off-line techniques such as
liquid–liquid or solid-phase extraction prior to analysis [4,5].
Using an Agilent LC–MS/MS we successfully modiﬁed a previous instrumental method used for the
analysis of metaldehyde in water. Initially, the choice of the mobile phase buffer on the ionisation and
fragmentation processes of metaldehyde was evaluated. The objective was to improve method
sensitivity for measuring metaldehyde by overcoming the unfavourable conditions obtained by the
formation of multiple adduct ions when using ammonium acetate as the conventional mobile phase
buffer. This modiﬁed method uses an alkyl-ammonium buffer (methylamine) as a mobile phase
additive. Using this buffer, the methylamine-adducted metaldehyde was observed as the only major
molecular ion, while the formation of other adduct ions especially ([M + H]+, [M + Na]+, [M + NH4]+,
[M + K]+) and dimers were highly suppressed. Also, product ion spectra with a single major fragment
ion were not seen, unlike that observed with ammonium acetate buffer.
The afﬁnity of alkyl-ammonium buffers and their basicity towards compounds are believed to be
factors that inﬂuence the formation and abundance of molecular and fragment ions, respectively [6–
8]. Methylamine appears to have a strong afﬁnity towards metaldehyde and the binding energy
between the two is greater than that of other adducts, effectively suppressing their formation. The
methylamine adduct ion (m/z = 208.2) of metaldehyde (M) has the following formula [M + CH3NH2]+
and is the primary adduct formed. This undergoes fragmentation in the collision cell of the mass
spectrometer to form the methylamine adduct of ethanal observed at m/z = 76.2 in a product ion scan.
Other ions observed in the product ion scan include m/z = 176.1, which is probably due to the removal
of methylamine moiety to yield the molecular ion of metaldehyde, and m/z = 145 which is the loss of
C2H7, from the molecular ion to form C6H9O4+. The hypothesis for the formation of the ion at m/z = 145
is supported by the use of ACD/MS Fragmenter software (Toronto, Canada) (see Fig. 2).
Overall, better precision (<7.0% RSD at the Drinking Water Directive limit of 0.1 mg/L) and a ﬁve-
fold improvement in method sensitivity were obtained for metaldehyde when using the methylamine
buffer compared with the previously used ammonium acetate buffer. Compared to off-line liquid–
Fig. 2. Proposed fragmentation pathway for the ion observed at m/z = 145 obtained from ACD/MS Fragmenter software.
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liquid or solid-phase extraction the new method offers signiﬁcant beneﬁts in terms of lower sample
volumes, speed and cost of analysis. The methylamine buffer effectively eliminates the formation of
problematic alkali metal adducts by forming the one methylamine adduct and can be used for other
compounds where unwanted alkali metal adducts are formed. The new method has now been in
routine use for over 6 months analysing several hundred surface water samples for regulatory
reporting purposes. This easily to implement method, requiring only a simple modiﬁcation to the
mobile phase, should prove attractive to analysts based in laboratories of water companies and
environmental regulators.
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A B S T R A C T
Metaldehyde is a potent molluscicide. It is the active ingredient in most slug pellets used for crop protection. This
polar compound is considered an emerging pollutant. Due to its environmental mobility, metaldehyde is fre-
quently detected at impacted riverine sites, often at concentrations above the EU Drinking Water Directive limit
of 0.1 µg L−1 for an individual pesticide. This presents a problem when such waters are abstracted for use in the
production of potable water supplies, as this chemical is diﬃcult to remove using conventional treatment
processes. Understanding the sources, transport and fate of this pollutant in river catchments is therefore im-
portant. We developed a new variant of the Chemcatcher® passive sampler for monitoring metaldehyde com-
prising a Horizon Atlantic™ HLB-L disk as the receiving phase overlaid with a polyethersulphone membrane. The
sampler uptake rate (Rs) was measured in semi-static laboratory (Rs = 15.7 mL day−1) and in-ﬁeld (Rs =
17.8 mL day−1) calibration experiments. Uptake of metaldehyde was linear over a two-week period, with no
measurable lag phase. Field trials (ﬁve consecutive 14 day periods) using the Chemcatcher® were undertaken in
eastern England at three riverine sites (4th September-12th November 2015) known to be impacted by the
seasonal agricultural use of metaldehyde. Spot samples of water were collected regularly during the deploy-
ments, with concentrations of metaldehyde varying widely (~ 0.03–2.90 µg L−1) and often exceeding the reg-
ulatory limit. Time weighted average concentrations obtained using the Chemcatcher® increased over the
duration of the trial corresponding to increasing stochastic inputs of metaldehyde into the catchment.
Monitoring data obtained from these devices gives complementary information to that obtained by the use of
infrequent spot sampling procedures. This information can be used to develop risk assessments and catchment
management plans and to assess the eﬀectiveness of any mitigation and remediation strategies.
1. Introduction
Metaldehyde is a solid, synthetic, neutral, non-chiral tetramer of
acetaldehyde (C8H16O4) and is used as a potent molluscicide. It is the
active ingredient in most formulated slug pellets used commonly to
eliminate infestations of slugs and snails on crops such as barley, oilseed
rape and wheat [1]. It has been used for this purpose since the early
1940s. The amount of metaldehyde used in pellets varies between 1.5,
3.0 or 4.0% by weight. In the United Kingdom, it is estimated that 80%
of arable farmers use metaldehyde, with ~ 460 t applied to ﬁelds be-
tween 2012 and 2015 [2]. Metaldehyde is predominantly used in the
early autumn to winter months when molluscs thrive in the wetter
conditions [3]. Once applied to soil, metaldehyde degrades to acet-
aldehyde and CO2, with a half-life reported to vary between 3 and 223
days [4,5]. Metaldehyde is polar and highly water soluble [6], with a
low tendency to bind to soil [7] (Table S1). As a consequence, it readily
runs oﬀ from land and enters surface waters particularly after rainfall
events. Once in the aquatic environment, the degradation of metalde-
hyde is slowed signiﬁcantly [7], hence, it is considered a semi-persis-
tent pollutant.
The impact of metaldehyde in the aquatic environment has been
reviewed recently [8]. Metaldehyde is detected regularly in surface
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waters in the UK with concentrations ﬂuctuating seasonally. Frequently
the concentration of metaldehyde exceeds the European Union's
Drinking Water Directive limit of 0.1 µg L−1 for any pesticide (referred
to within in the UK water industry as the prescribed concentration
value (PCV) which is legally binding) [9]. Problems arise when such
surface water bodies are used as capitation sources for potable drinking
water supplies. Metaldehyde has also been detected in ground water
(River Thames aquifer, Oxford, UK), above the PCV (0.73–1.00 µg L−1)
[10]. Due its physicochemical properties metaldehyde is diﬃcult to
remove from water using conventional drinking water treatment pro-
cesses, such as granular or powdered activated carbon beds [11]. Whilst
advanced treatment processes (e.g. use of ultra-violet/titanium dioxide
oxidation processes) have potential to remove metaldehyde, these are
expensive to operate commercially [8]. Therefore, alternative strategies
(e.g. the ‘Get Pelletwise’ initiative promoted by the Metaldehyde
Stewardship Group) or substituting metaldehyde for diﬀerent mollus-
cicides (e.g. ferric phosphate) are needed in order to protect river
catchments [12,13]. Key to the successful delivery of these remedial
environmental actions is the establishment of an eﬀective surface water
quality-monitoring programme for metaldehyde.
Typically, monitoring programmes rely on the collection of in-
frequent (e.g. weekly or monthly) spot (bottle or grab) samples of water
(1–2 L) followed by analysis in the laboratory. The eﬀectiveness of this
approach is limited, particularly where concentrations of pollutants
ﬂuctuate signiﬁcantly over short periods of time (e.g. hours to days),
such as those associated with the sporadic application of pesticides. In
order to gain a better temporal resolution, diﬀerent approaches are
required. Automated devices (e.g. ISCO – http://www.teledyneisco.
com) allow for the frequent collection (hours to days) of water samples
and can provide a higher temporal resolution. This equipment, how-
ever, has a high capital cost, requires regular maintenance and can be
subject to damage or theft in the ﬁeld [14]. The use of passive sampling
devices can overcome many of these drawbacks, as they are relatively
low-cost, non-mechanical, require no external power and are easily
deployable in many ﬁeld conditions.
A wide range of passive sampling devices is available to monitor
diﬀerent classes of organic pollutants found in surface waters [15].
These include semi-permeable membranes devices, polymer sheets (e.g.
low-density polyethylene or silicone rubber) or Chemcatcher® for non-
polar pollutants [16] and the polar organic chemical integrative sam-
pler (POCIS) [17,18], o-DGT [19–21] and the polar version of the
Chemcatcher® [22] for polar pollutants. Samplers comprise typically of
an inert body housing a receiving phase selective for the compounds of
interest, which is usually overlaid by a thin diﬀusion-limiting mem-
brane. Devices can be deployed for extended periods (e.g. 1–4 weeks)
where analytes are continually sequestered from the environment.
Depending on the deployment regime, samplers can yield the equili-
brium or the time-weighted average (TWA) concentration of a pollutant
[23]. The former requires knowledge of sampler/water partition coef-
ﬁcient for the analyte of interest [23]. In order to measure the TWA
concentration, the compound speciﬁc sampler uptake rate (Rs, normally
expressed as the equivalent volume of water cleared per unit time
(L day−1)) is required. Rs is determined typically in laboratory or in situ
ﬁeld calibration experiments. Mathematical models can also be used to
predict uptake based on physicochemical properties [20,23].
We describe the development and evaluation of a new variant of the
Chemcatcher® passive sampler for monitoring metaldehyde in surface
water. This comprised a hydrophilic-lipophilic-balanced Horizon
Atlantic™ HLB-L disk as the receiving phase overlaid with a poly-
ethersulphone (PES) membrane. The Rs of metaldehyde was measured
in laboratory and ﬁeld calibration experiments. The performance of the
device for measuring the concentration of metaldehyde was evaluated
over a two week period alongside the collection of spot water samples
at a number of riverine sites in eastern England, UK. To our knowledge
this is the ﬁrst time a passive sampling device has been used to quantify
the concentrations of metaldehyde in surface water. The device has the
potential to be used in river catchment programmes to monitor the
impact of this molluscicide and to provide improved, cost-eﬀective in-
formation for the future development of environmental remediation
strategies.
2. Experimental
2.1. Chemicals and glassware
Unless otherwise stated, chemicals and solvents were of analytical
grade or better and were obtained from Sigma-Aldrich (Gillingham,
England). Ultra-pure water was obtained from an in-house source
(ELGA Purelab Ultra, Marlow, UK) and was used in all laboratory
procedures. Metaldehyde (99% purity) and deuterated metaldehyde-
d16 (> 99 atom% deuterium) were purchased from Sigma-Aldrich and
Qmx Laboratories Ltd. (Thaxted, UK) respectively. All glassware and
apparatus were cleaned by soaking in 5% Decon 90 solution overnight
(Decon Laboratories Ltd., Hove, UK), then washed with water and
rinsed with methanol. Calibration standards and test solutions were
prepared as described by [24].
2.2. Preparation of Chemcatcher® samplers
Three component PTFE Chemcatcher® bodies (Atlantic design) were
obtained from A T Engineering (Tadley, UK). Components were cleaned
initially by soaking overnight in a 2% Decon 90 solution and rinsed
with water. This was followed by immersion (acetone) in an ultrasonic
bath (10 mins), rinsed with water and dried at room temperature.
Horizon Atlantic™ hydrophilic-lipophilic balanced (HLB-L) extraction
disks (47 mm) (Arc Sciences Ltd., Alton, UK) were used as the receiving
phase. Disks were washed by soaking in methanol overnight. Disks were
then placed in an extraction manifold and pre-conditioned using me-
thanol (50 mL) followed by water (100 mL) and stored in water prior to
use. PES sheet (Supor® 200, 0.2 µm pore diameter) was obtained from
Pall Europe Ltd. (Portsmouth, UK) and was used as the diﬀusion-lim-
iting membrane. PES membrane circles (52 mm diameter) were pun-
ched by hand from the sheet and soaked in methanol overnight to re-
move traces of polyethylene glycol oligomers present as an artifact of
the manufacturing process [25]. Afterwards, membranes were rinsed in
water and then stored submerged in water until use. Devices were
prepared by placing a HLB-L disk (smooth side uppermost) followed by
the PES membrane onto the Chemcatcher® supporting plate, ensuring
that no air bubbles were trapped in the interstitial space. The two
components were secured in place by a retaining ring, which was
tightened suﬃciently in order to make a watertight seal. Assembled
samplers were kept submerged in water (without the transport lid
ﬁtted) prior to use in order to prevent the HLB-L disks drying out.
Performance reference compounds (PRCs) were not used.
2.3. Extraction of Chemcatcher® samplers
HLB-L disks were removed carefully from exposed samplers using
solvent rinsed stainless steel tweezers with the PES membrane being
discarded. The disks were placed onto solvent rinsed aluminium foil
and allowed to dry at room temperature (48 h). The dried disks were
placed in an extraction funnel manifold and metaldehyde eluted (under
gravity) with methanol (40 mL) into a pre-washed glass vial (60 mL).
HPLC grade water (1 mL) was added (as an analyte retainer) and the
solution evaporated to ~ 0.5 mL using a Genevac ‘Rocket’ centrifugal
rotary evaporator (Genevac Ltd., Ipswich, UK). The extract was trans-
ferred to a silanised glass vial (2 mL) and the volume adjusted to ~
1 mL by the addition of methanol.
2.4. Instrumental analysis
Metaldehyde was quantiﬁed in all water samples by liquid
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chromatography tandem mass spectrometry (LC-MS/MS) using an
Agilent 1200RR LC system coupled to an Agilent 6460 tandem mass
spectrometer (Agilent Technologies, Santa Clara, USA). The instrument
was interfaced with an on-line solid-phase extraction system ﬁtted with
a Waters Oasis® HLB cartridge. The full analytical procedure has been
described by Schumacher et al. [24]. Metaldehyde in extracts obtained
from Chemcatcher® samplers was analysed using a similar procedure
with the following modiﬁcation. One hundred µL of extract (Section
2.3.) was added to a silanised glass auto-sampler vial containing water
(900 µL) and 20 µL of internal standard solution (metaldehyde-d16,
50 µg L−1) and then analysed as for the water samples.
2.5. Laboratory measurement of sampler uptake rate
Preliminary experiments to investigate the sorption and recovery of
metaldehyde from the HLB-L disks were undertaken. A river water
sample (10 mL) collected as below was spiked (n = 11) with me-
taldehyde to give environmentally relevant concentrations of 300 and
600 ng L−1 [26] and extracted under gravity using a pre-conditioned
HLB-L disk held in an extraction funnel manifold. The above procedure
was repeated with a second sample of river water from the same source.
Metaldehyde was eluted and analysed as described above.
A 14-day laboratory calibration experiment was undertaken to de-
termine the sampler uptake rate (Rs) for metaldehyde. Three hundred
and ﬁfty L of water was collected into a ~ 400 L pre-cleaned poly-
propylene vessel from the River Lliedi, Felinfoel near Llanelli, (latitude
51.6999°N, longitude −4.1446°W). The river water (dissolved organic
carbon concentration = 3.34 mg L−1 and pH = 7.4) was stored in a
temperature controlled room (5.0± 1.0 °C) and left to equilibrate prior
to use. This value was selected, as it is typical of the temperature of
rivers in the UK during late autumn to winter when metaldehyde is
most prevalent in surface waters. The concentration of metaldehyde
found in the river water was below the limit of quantiﬁcation (LoQ =
20 ng L−1) [24].
Uptake rate was measured in a calibration rig similar to that de-
scribed by Vrana et al. [27], but using a semi-static system rather than a
ﬂow-through design. A pre-cleaned glass tank (300 × 300 × 400 mm)
containing a rotatable PTFE carousel for holding up to 14 Chem-
catcher® samplers on two layers was ﬁlled with 16 L of river water and
allowed to pre-condition (~ 18 h). Afterwards, the tank was drained
and 14 devices placed into the carousel. The tank was reﬁlled with river
water (16 L) that had been spiked with metaldehyde, to give a nominal
concentration of 1.7 µg L−1. This concentration was chosen in order to
sequester suﬃcient metaldehyde on the disk to enable quantiﬁcation at
early time points during the calibration experiment. This concentration
is often exceeded in river catchments impacted by the molluscicide
[26]. Using an overhead stirrer, the carousel was rotated at a speed of
20 rpm; giving a linear water velocity of ~ 0.2 m s−1 over the face of
the sampler bodies. This rotation speed was considered representative
of water velocity at the riverine sites used for the subsequent ﬁeld trials.
Spiked water in the tank was drained and replenished every 24 h so as
to ensure a relatively constant concentration of metaldehyde
throughout the experiment. The concentration of metaldehyde in so-
lution was measured before and after each tank replenishment in order
to monitor the stability of the analyte during the trial. The small well on
top of the Chemcatcher® body ensured that the PES membrane re-
mained wet during these emptying and reﬁlling operations.
One Chemcatcher® was removed from the carousel after exposures
of 8, 24, 48, 72, 96, 120, 144, 168, 192, 216, 240, 264, 288, 336 h. A
‘dummy’ PTFE body was inserted into the position of each sampler
removed from the carousel so as to maintain consistent hydrodynamic
conditions in the tank. The temperature of the water was monitored
throughout the duration of the study. A blank sampler exposed to the
laboratory atmosphere was used to account for any background con-
tamination during each operation. The mass of metaldehyde accumu-
lated in the HLB-L disk from each exposure time was measured using
the analytical procedure described in Sections 2.3 and 2.4. These data
were used to calculate RS. PES membranes from the deployed Chem-
catcher® samplers were also extracted and analysed using the same
procedures.
2.6. In-ﬁeld measurement of sampler uptake rate and ﬁeld trials
Two types of ﬁeld tests were undertaken alongside spot water
sampling at several riverine locations in the east of England, where oil
seed rape is grown extensively. These sites are known to be impacted by
inputs of metaldehyde sometimes exceeding the PCV for drinking
water. Firstly, Rs for the Chemcatcher® was measured ‘in-ﬁeld’ at a site
where the concentration of metaldehyde was known to be relatively
constant. Here three replicate samplers were deployed for 14 days at a
feeder tributary to a reservoir in the Anglian region between 4th–18th
September 2015. Secondly, the performance of the sampler was eval-
uated at three sites on the River Gwash between 4th September-12th
November 2015. Samplers were deployed for ﬁve successive periods of
14 days at each of the three locations.
Triplicate Chemcatcher® samplers were used for each ﬁeld deploy-
ment. In order to protect the devices they were placed inside a bespoke
stainless steel cage (A T Engineering). A chain was used to secure the
cage to a mooring point along the river. This equipment ensured that
the samplers remained fully submerged during the deployment period.
Upon retrieval, the well in the body of the Chemcatcher®was ﬁlled with
river water and sealed with the transport lid. Samplers were transported
to the laboratory in cool boxes and stored at ~ 4 °C until analysis. At
each location, a ﬁeld blank sampler was exposed during deployment
and retrieval operations and was analysed as per the experimental
samplers. Spot samples of river water (250 mL) were collected into pre-
cleaned, screw-topped polyethylene terephthalate bottles at set periods
(4th, 14th, 18th, 24th, 30th Sept; 7th, 14th, 21st, 28th Oct; 5th, 12th
Nov 2015) during the sampler deployments and stored at ~ 4 °C until
analysis. Extraction and analysis were performed as described in
Sections 2.3 and 2.4.
2.7. Theory of passive sampling
The theory of the uptake of a chemical by a passive sampling device
is well known and has been described extensively elsewhere
[15,23,28]. The uptake of an analyte over the time integrative (linear)
period is as shown in Eq. (1).
=
−
×
Cw
M M
R t
S t
S
( ) 0
(1)
Where: Cw = concentration (ng L−1) of analyte in water
MS(t) = mass (ng) of analyte in Chemcatcher® receiving phase disk
after exposure time t (day)
M0 = mass (ng) of analyte in receiving phase disk of Chemcatcher®
ﬁeld blank
RS = sampler uptake rate of analyte (L day−1)
For laboratory and ‘in-ﬁeld’ calibration studies, Rs can be calculated
from Eq. (1) using the slope (Ms(t) t−1) of the regression of the mass in
the sampler upon time (over the linear portion of the uptake data) and
the concentration (Cw) in the water. Values for Rs can then be used in
ﬁeld trials to estimate Cw and this corresponds to the TWA concentra-
tion of the chemical over the deployment period.
3. Results and discussion
3.1. Performance of the HLB-L receiving phase disk
The use of HLB-L disks as a receiving phase for the Chemcatcher® is
new. This sorbent comprises a speciﬁc ratio of two monomers, hydro-
philic N-vinylpyrrolidone and lipophilic divinylbenzene and provides
high capacity for the retention of a wide range of polar analytes. Its use
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with the Chemcatcher® for sequestering a wide range of pharmaceu-
ticals and personal care products in waste water has been described
[22]. This sorbent has been used extensively in the POCIS for mon-
itoring a wide range of polar pollutants [29–31]. The POCIS uses a loose
HLB sorbent powder (~ 200 mg) held between two PES membranes.
The material can move and sag towards the base of the device during
deployments altering the eﬀective sampling area and hence uptake
rates. This impacts on the robustness of the device [32]. The use of a
commercially available bound receiving phase sorbent (e.g. Horizon
Atlantic™ or Empore™ disks) can overcome this issue and gives better
reproducibility.
As metaldehyde is a highly polar substance (log KOW = 0.12) it was
important to investigate its retention behaviour and recovery from the
HLB-L disk. Results from batch extraction tests using spiked river water
showed that this sorbent material was eﬀective at retaining metaldehyde
and that the compound could subsequently be eluted readily using me-
thanol. Average recoveries (n= 11) for the duplicate river water samples
spiked at 300 ng L−1 were 95.5% (±11.2% RSD) and 98.2% (±10.6%
RSD) and at 600 ng L−1 were 92.7% (±4.1% RSD) and 95.5% (±4.7%
RSD). These data indicated that this disk could be used as a receiving
phase in the Chemcatcher® for the sequestration of metaldehyde.
3.2. Measurement of sampler uptake rate
3.2.1. Laboratory calibration
The water temperature (5.0± 1.0 °C) and concentration of me-
taldehyde in the test tank was stable over the 14-day period of the trial.
The mean concentration measured (n = 11) each time before the tank
was drained was 1.72 µg L−1 (± 0.04 SD). The mean concentration
measured (n = 13) each time after the tank was re-ﬁlled was
1.74 µg L−1 (± 0.04 SD). A two-sample t-test showed that there was no
signiﬁcant diﬀerence (p = 0.161) between these two concentrations. A
simple linear regression of the mass (ng) of metaldehyde accumulated
in the disk on time of exposure (h) (Fig. S1) was highly signiﬁcant
(p<0.001)) and gave a good a ﬁt (R2 = 0.97). The slope of the linear
regression equation was 1.13 (ng h−1) giving a RS = 15.7 mL day−1.
This would represent ~ 220 mL of water cleared by the sampler over a
typical 14 day ﬁeld deployment. Unlike with many non-polar pollu-
tants, longer ﬁeld deployments for such highly mobile and often
sporadic polar contaminants are unwarranted when investigating in-
puts into river catchments. The mass of metaldehyde found in the la-
boratory blanks was below the LoQ of the instrumental method. The
intercept was −6.55 h (standard error 5.29, 95% conﬁdence interval
−17.23 to 4.14) and was not signiﬁcantly diﬀerent from zero in-
dicating no lag phase in the uptake of metaldehyde caused by sorption
of analyte to the polymeric diﬀusion limiting membrane. The absence
of a lag phase was substantiated as no metaldehyde was detected in the
PES membranes from the deployed Chemcatcher® samplers.
There is limited RS data using the HLB-L disk as a receiving phase
for the Chemcatcher®. Using such a device, Petrie et al. [22] determined
the RS values for 59 polar organic micropollutants (log KOW −2.64 to
6.3) over a 9-day deployment in wastewater eﬄuent. Sampler uptake
rates ranged from 10 to 100 mL day-1. Ahrens et al. [33] using an al-
ternative receiving phase (SDB-RPS Empore™ disk) determined under
laboratory conditions the Chemcatcher® uptake rates for 124 pesticides.
RS values varied between< 1–150 mL day-1. Oasis® HLB sorbent has
been used with the pharmaceutical variant of the POCIS (with an active
sampling area approximately three times that of the Chemcatcher®) to
sequester a wide range of polar pollutants and their associated sampler
uptake rates (RS =<1–1000 mL day-1) determined in the laboratory
[33–35]. This wide variation in measured sampler uptake rates is a
function of the physicochemical properties of the analyte and the
conditions used for the calibration experiment. Taking these factors into
consideration the sampler uptake rate measured for metaldehyde in our
laboratory study falls within the range of previously reported RS values
for polar chemicals.
3.2.2. In-ﬁeld calibration
The concentration of metaldehyde found in spot samples of water
collected at the in-ﬁeld calibration site on days 1, 10 and 14 was 35.2,
37.6 and 46.6 ng L−1, respectively. The mass of metaldehyde accu-
mulated in the receiving phase of the Chemcatcher® sampler (n = 3)
after the 14 day deployment was 9.7, 9.8 and 10.3 ng. Using an average
aqueous concentration (39.8 ng L−1) over the exposure period this
corresponded to RS = 17.4, 17.6 and 18.6 mL day−1 (mean =
17.8 mL day−1) for each device. Metaldehyde measured in the blank
samplers was below the LoQ of the analytical method. The RS values
obtained using the two diﬀerent approaches to calibration were in good
agreement. A small variation between the RS values can be expected.
The water temperature in the laboratory tank was maintained at ~ 5 °C,
whilst the water temperature at the riverine site during early autumn
was ~ 13–14 °C. Higher temperatures increase the rate of diﬀusion and
hence the uptake rate of an analyte and may account for the slightly
higher RS value found for the in-ﬁeld study. Additionally, the water
velocity in the laboratory study was maintained at ~ 0.2 m s-1 and it is
unlikely that a similar degree of turbulence appertained throughout the
duration of the in-ﬁeld calibration. However, the eﬀect of water tem-
perature and ﬂow on the uptake of a wide range of polar analytes by the
POCIS has been shown to be relatively small [36,37]. One solution to
overcome issues associated with the variation of RS with changing en-
vironmental conditions during ﬁeld deployments is the use of PRCs. The
eﬀectiveness of this concept for use with polar passive samplers is not
fully proven and alternative solutions such as the use of passive ﬂow
monitors (e.g. rate of dissolution of calcium sulphate casts) and in-
creasing membrane resistance have been suggested and warrant further
study [38,39].
3.3. Field evaluation of Chemcatcher®
The time period of the trial coincided with the agricultural use of
metaldehyde (permitted in the UK between 1st August-31st December)
within the catchment. The concentration of metaldehyde measured in
the eleven spot samples of water taken during the three ﬁeld trials is
shown in Fig. 1(a-c). The values found were variable, ranging from ~
30-2900 ng L−1 and are representative of a river catchment in the UK
impacted by high use of the molluscicide [26]. Higher peak con-
centrations were evident as the trial progressed, corresponding to in-
creased application of metaldehyde to land for crop protection. On 28th
October 2015 the concentration of metaldehyde found in spot samples
of raw water at the three River Gwash sampling sites was between ~
10–30 times the permitted PCV for drinking water (Fig. 1(a-c)). Rainfall
over this period is shown in Fig. 1(d). The rainfall ﬂuctuated
(0.00–11.32 mm), with a number of dry periods. It is diﬃcult to link
directly concentrations of metaldehyde found in the rivers to rainfall
events during the trial as there is a number of additional inﬂuential
factors (e.g. method and application rates of metaldehyde, croppage,
ﬁeld slope and drainage, soil type and moisture deﬁcit) within the
catchment that need to be taken into consideration [8].
Deployment of the Chemcatcher® samplers was restricted to 14 days
as inputs of metaldehyde into river catchments are known to be epi-
sodic [8,26]. It was estimated that even for short periods of time (e.g.
1 day out of a total deployment period of 14 days at a concentration of
metaldehyde of only 6 ng L-1) suﬃcient sequestration of metaldehyde
would be obtained for quantitative analysis. Additionally, restricting
deployments to two weeks limited the degree of biofouling on the PES
membrane of the sampler. TWA concentrations of metaldehyde were
calculated using Eq. (1) and the RS value measured in the laboratory
calibration experiment (Section 3.2.1). The data for the three diﬀerent
ﬁeld deployments are shown in Fig. 1(a-c). At all sites, there was an
increase in the TWA concentrations as the trial progressed. The amount
of metaldehyde found in the ﬁeld blank samplers was below the LoQ.
It is diﬃcult to compare directly the water quality data obtained
using the two monitoring techniques, particularly where the
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concentration of pollutant is episodic [40,41]. Firstly, there is no in-
formation on how the concentration of metaldehyde varied in the time
interval between collections of spot water samples. Secondly, recent
evidence from ﬁeld trials has shown polar passive samplers are unable
to completely integrate stochastic events with rapidly changing con-
centrations of pollutants [42,43]. In this case the relatively low Rs va-
lues obtained for polar compounds may lead to an under-sampling of a
pollution event. Due to its high polarity (log KOW = 0.12) it is expected
that metaldehyde will be freely dissolved in the water column, with no
binding to particulate or dissolved organic matter present. During the
ﬁrst two weeks of the trial at all three locations there was good
agreement between the data (concentration of metaldehyde< PCV)
obtained by the two monitoring methods. At later periods when there
was evidence of signiﬁcant stochastic inputs of metaldehyde into the
catchment, this was reﬂected in higher TWA concentrations found using
the Chemcatcher®. Here where there was an exceedance of the PCV
found in spot samples this was also shown in the TWA values. One
approach to improve the comparability of the data obtained by the two
techniques is to increase the frequency of spot water sampling or the
use of other monitoring methods such as time-triggered automated
samplers or on-line systems [8]. These solutions, however, are ex-
pensive to employ within remote river catchments.
There has been recent interest in the use of passive sampling devices
to detect pesticide inputs into river catchments. Such devices can pro-
vide information on the spatio-temporal occurrence, frequency and
ﬂuxes of pollutants within a river catchment. This information can as-
sist in the development of remediation and risk assessment strategies
[44–48]. Understanding diﬀuse and sporadic sources of pollutants
Fig. 1. Concentration of metaldehyde (ng L−1) found in spot
samples of water (◆) and time weighted average (TWA) values
found with the Chemcatcher® passive sampler (_____) at three sites
(a, b, c) on the River Gwash (Rutland, UK) during the ﬁeld trial.
Rainfall (mm) in the Central England area (HadUKP - http://
www.metoﬃce.gov.uk/hadobs/hadukp/) is shown in (d). The
line (∙∙∙∙∙∙∙) in (a-c) shows the European Union's Drinking Water
Directive limit of 100 ng L−1 for a single pesticide.
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within river catchments is important where downstream waters are
abstracted for use in the production of potable supplies. This is im-
portant for chemicals (such as metaldehyde, clopyralid and quinmerac)
that are recalcitrant to remove to concentrations below the PCV using
conventional drinking water treatment processes [8,49]. Such processes
are expensive to operate and it is more cost eﬀective to prevent the
input of speciﬁc pollutants at source.
4. Conclusions
Deployment of Chemcatcher® devices in a river catchment in
eastern England impacted by agricultural use of metaldehyde showed
that they provide complimentary information to the currently used
infrequent spot sampling procedures. Data from this study shows that
the Chemcatcher® can have a role in river catchment investigations in
identifying sources and ﬂuxes of this problematic pesticide, particularly
at locations where surface waters are abstracted for subsequent use in
the production of potable supplies. Devices can also provide informa-
tion useful in the management of designated Drinking Water Protected
Areas (DrWPAs) and on the eﬀectiveness of long-term remediation
strategies (e.g. use of alternative molluscicides such as ferric phos-
phate). Further work using the Chemcatcher® to address these appli-
cations is presently on-going at a number of drinking water supply
companies in the UK.
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Table S1. Chemical structure and physico-chemical properties of metaldehyde [1]. 
 
 
Structure 
 
 
CAS number 176.21 g mol-1 
IUPAC name 2,4,6,8-Tetramethyl-1,3,5,7-tetraoxocane  
Boiling point 112 to 115°C 
Water solubility 0.188 g L-1 at 20°C 
Vapour pressure 0.66 mmHg at 25°C 
Flash point 36 to 40°C 
Density 1.27 g cm-3 
Log octanol/water partition coefficient (log KOW) 0.12 at 20°C 
Log organic-carbon/water partition coefficient (log KOC) 0.18–0.37  
 
 
 
 
  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. S1. Mass of metaldehyde (ng) accumulated on the Horizon Atlantic™ HLB-L disk 
against the time of exposure. The line fitted is a simple linear regression curve (R2 = 0.97, 
slope = 1.13 (ng h-1). A mean aqueous concentration of metaldehyde (1.73 µg L-1) in the test 
tank over the deployment period was used to calculate the sampler uptake rate (RS = 15.7 mL 
day-1). The mass of metaldehyde in the exposed HLB-L disk for each time point was measured 
in triplicate.  
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Metaldehyde is a molluscicide and the active ingredient in formulated slug pellets used for the protection of
crops. Due to its mobility in the environment it is frequently found in river catchments, often at
concentrations exceeding the EU Drinking Water Directive limit of 100 ng L1 for a single pesticide. This
presents a major problem for water companies in the UK where such waters are abstracted for
production of potable drinking water supplies. Therefore, it is important to understand the sources,
transport and fate of this emerging pollutant of concern in the aquatic environment. We monitored
metaldehyde in two contrasting river catchments (River Dee (8 sites) and River Thames (6 sites)) over
a twelve month period that coincided with the agricultural application period of the molluscicide. Spot
samples of water were collected typically weekly or fortnightly. Chemcatcher® passive samplers were
deployed consecutively every two weeks. At the River Dee, there was little variability in the
concentrations of metaldehyde (<10–110 ng L1) measured in the spot samples of water. The
Chemcatcher® gave similar time-weighted average concentrations which were higher following
increased rain fall events. At the River Thames, concentrations of metaldehyde varied more widely (<9–
4200 ng L1) with several samples exceeding 100 ng L1. Generally these concentrations were reﬂected
in the time-weighted average concentrations obtained using the Chemcatcher®. Both monitoring
techniques gave complementary data for identifying input sources, and in the development of
catchment management plans and environmental remediation strategies.Environmental signicance
Metaldehyde is a molluscicide and the active ingredient in slug pellets. It is an emerging pollutant of concern. Metaldehyde is frequently detected in rivers at
concentrations above the EU DrinkingWater Directive limit of 100 ng L1. This presents a problem when such waters are used in the production of potable water
supplies, as this chemical is diﬃcult to remove using conventional treatment processes. Being able to monitor metaldehyde is now of importance. We show how
the Chemcatcher® can be used as an eﬀective monitoring tool in conjunction with other regulatory spot water sampling techniques. Information from the
devices can be used in risk assessments and catchment management plans and to assess the eﬀectiveness of any mitigation and remediation strategies.Introduction
Metaldehyde (C8H16O4, a non-chiral tetramer of acetaldehyde)
is the active ingredient in most proprietary forms of slug pellets
used to protect crops such as cereals, oilseed rape and pota-
toes.1,2 The amount of metaldehyde used in pellets is either 1.5,, University of Portsmouth, Burnaby Road,
es@port.ac.uk
es, University of Portsmouth, White Swan
Services at Swansea University, Swansea
pus, Swansea, SA2 8PP, UK
ley Mere Business Park, Lingley Green
, UK
tion (ESI) available. See DOI:
, 2018, 20, 1180–11903.0, 4.0 or 5.0% by weight.3 In the United Kingdom, it is esti-
mated that 80% of arable farmers use metaldehyde, with
approximately 1640 t being used in Great Britain between 2008
and 2014.4 The maximum allowable application is 700 g of
metaldehyde per hectare per year.3 Metaldehyde is generally
applied to land in the autumn and winter months when
molluscs thrive in the wet weather conditions.5 Metaldehyde is
a polar (log Kow ¼ 0.12 at 20 C), neutral molecule being highly
water soluble and mobile in soil (Table 1).6 When applied to
land, metaldehyde degrades in soil to acetaldehyde and then to
CO2 and water, with a reported half-life varying between 3 and
223 days depending on environmental conditions.7,8 Once
applied to land, it can run-oﬀ readily under wet conditions into
eld drains, gullies and surface waters. It is now considered as
an emerging pesticide of concern. The impact of metaldehyde
within the aquatic environment has been reviewed recently by
Castle et al.9This journal is © The Royal Society of Chemistry 2018
Table 1 Chemical structure and physicochemical properties of
metaldehyde
Structure
CAS number 108-62-3
IUPAC name 2,4,6,8-Tetramethyl-1,3,5,7-
tetraoxocane
Molar mass 176.21 g mol1
Boiling point 112 to 115 C
Water solubility 0.188 g L1 at 20 C
Vapour pressure 0.66 mmHg at 25 C
Flash point 36 to 40 C
Density 1.27 g cm3
Log octanol/water partition
coeﬃcient (log Kow)
0.12 at 20 C
Log organic-carbon/water
partition coeﬃcient (log Koc)
0.18–0.37
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View Article OnlineRecent improvements in analytical techniques have allowed
metaldehyde to be detected readily in river catchments in the
UK, particularly those that run through intensively farmed
arable land.10 These concentrations uctuate with the seasonal
application of the molluscicide. Oen the concentration of
metaldehyde exceeds the European Union's Drinking Water
Directive limit of 100 ng L1 for any pesticide (also referred to
within in the UK water industry as the prescribed concentration
value (PCV) which is a legally binding limit).11 Although these
concentrations of metaldehyde detected in surface water do not
necessarily represent a direct risk to human health,9 they are
a major concern where such surface water bodies are used as
capitation sources for potable drinking water supplies. Due its
physicochemical properties metaldehyde is diﬃcult to remove
from water using conventional (e.g. coagulation and ltration)
drinking water treatment processes. Metaldehyde can be
removed using advance treatment processes (e.g. granular or
powdered activated carbon beds, ultra-violet/titanium dioxide
oxidation processes), however, these are expensive to operate on
a commercial scale.9,12
In order to protect river catchments a number of initiatives
have been proposed rather than ‘end of pipe’ solutions. The
industry-led Metaldehyde Stewardship Group (MSG), based in
the UK, began a campaign called ‘Get Pelletwise’ (http://
www.getpelletwise.co.uk/). This educational initiative was
directed at large-scale users of slug pellets and aimed to try and
prevent or minimise the movement of metaldehyde to water
sources. The campaign developed best practice guidelines when
using metaldehyde, covering issues including dosage rates per
hectare, maximum pellet application rates, no application
within 10 m of a watercourse, no application when heavy rain or
winds were forecast and no application if there was ow in eld
drains.13 Several water companies, rivers trusts and non-
governmental agencies in the UK have also introduced other
projects such as the Anglian Water ‘Slug It Out’ campaignThis journal is © The Royal Society of Chemistry 2018(http://www.anglianwater.co.uk/slugitout) aimed at protecting
a number of reservoirs. Many water companies in the UK (e.g.
Aﬃnity Water Ltd., Severn Trent Water plc, Southern Water,
Thames Water and United Utilities plc) have on-going
catchment-based initiatives, including payments for non-
usage, designed to reduce direct inputs of metaldehyde. These
initiatives also include the substitution of metaldehyde by
alternative molluscicides such as ferric phosphate (FePO4).14
Metaldehyde is monitored in surface waters typically using
weekly or monthly spot (bottle or grab) samples of water (0.25–1
L) followed by gas or liquid chromatography with mass spec-
trometric detection. Oen the eﬀectiveness of this monitoring
approach is challenging, particularly where concentrations
uctuate over short-time intervals (e.g. hours to days), such as
those events associated with the sporadic application of pesti-
cides. One approach to improve temporal resolution is to
increase the frequency of spot water sampling or the use of
other monitoring methods such as time-triggered automated
samplers (e.g. ISCO – http://www.teledyneisco.com) or on-line
analytical systems. However, this equipment requires high
capital input, requires regular maintenance and can be subject
to damage or the in the eld.15 An alternative is the use of
passive sampling devices that can overcome many of these
drawbacks; as they are relatively low-cost, non-mechanical,
require no external power and are easily deployable in many
eld conditions.
A wide range of passive sampling devices is available to
monitor diﬀerent types of organic pollutants found in the
aquatic environment.16 These include semi-permeable
membranes devices, polymer sheets (e.g. low-density poly-
ethylene or silicone rubber) or Chemcatcher® for non-polar
pollutants17 and the polar organic chemical integrative
sampler (POCIS),18,19 o-DGT20–22 and the polar version of the
Chemcatcher® for polar pollutants.23 Samplers comprise typi-
cally a receiving phase selective for the compounds of interest,
which is usually overlaid by a thin diﬀusion barrier or
membrane. Both components are oen contained in an inert
metal or plastic housing. Devices can be deployed in the eld for
extended periods (e.g. 1–4 weeks) where analytes are continually
sequestered. Depending on the deployment regime, samplers
can yield the equilibrium or the time-weighted average (TWA)
concentration of a pollutant.24 Recently a new variant of the
Chemcatcher® passive sampler for monitoring metaldehyde in
surface water has been described.25 This comprised a hydro-
philic–lipophilic-balanced Horizon Atlantic™HLB-L disk as the
receiving phase overlaid with a polyethersulphone (PES)
membrane.
We describe the use of the Chemcatcher® for monitoring
metaldehyde at two riverine catchments in the UK (River Dee
and River Thames) over a twelve month period. The perfor-
mance of the device was evaluated alongside spot water
sampling (typically every 7–14 days) undertaken as part of
routine water quality monitoring programmes. By undertaking
a yearlong investigation we were able to encompass the agri-
cultural application period of metaldehyde (between August–
December) at both locations. This study enabled a better
understanding of the stochastic inputs of metaldehyde linkedEnviron. Sci.: Processes Impacts, 2018, 20, 1180–1190 | 1181
Fig. 1 Map of sampling site locations in the lower eastern part of the
River Dee catchment. Key to the location of sampling sites: Aldford
Brook (D1), Ceiriog (D2), Coddington (D3), Emral Brook (D4), Golborne
(D5), Pulford Brook (D6), Shell Brook (D7) andWorthenbury Brook (D8).
A version of this map giving details of land use is shown as Fig. S1 in
ESI.†
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View Article Onlineto rainfall events and application periods together with the
related spatiotemporal uctuations within two river catch-
ments. These trials represent some of the largest and longest
evaluations of the performance of passive sampling devices in
a river catchment to be reported. The work highlights the
applicability of using passive samplers within the operational
constraints of routine monitoring programmes that are under-
taken to full various regulatory requirements. Data obtained
from the use of the Chemcatcher® in these eld trials has
potential in the future to be incorporated into river catchment
management programmes and to provide improved cost-
eﬀective information for the future development of environ-
mental remediation strategies.
Experimental
River Dee catchment and sampling locations
The River Dee catchment is situated in North Wales and North
Western England owing from the highlands of Snowdonia,
through the lowlands of Chester and out into the Irish Sea. It is
a vitally important natural water resource for communities in
this region, supporting a rich environment for wildlife. The
upland tributaries of the Dee tend to be ‘ashy’ in nature with
an average annual rainfall of 2000 mm, compared with
700 mm in the lowlands (http://www.welshdeetrust.com/).
The lowland reaches tend to have slower ow rates and a greater
groundwater contribution than the upper catchment. Raw water
is abstracted from a number of sites across the catchment and
is treated to provide drinking water to a population of almost
three million. Water extraction for this purpose is managed
under the Dee regulation scheme. In 1999, the River Dee
became the UK's rst designated Water Protection Zone. Since
its introduction there has been amarked reduction in industrial
pollution, however, in recent years the amount of agricultural
pesticides detected in the river has risen (http://
www.welshdeetrust.com/). As a consequence regional water
companies and national governmental environmental regula-
tors monitor pesticides routinely.
Pollution in the River Dee catchment is being investigated by
a number of neighbouring water companies, environment
agencies and non-government organisations. United Utilities
plc are specically looking at inputs of both metaldehyde and
a range of acidic herbicides across the entire Dee catchment
upstream from the water intake at Chester. This study investi-
gated metaldehyde in the lower eastern part of the catchment.
Here the land use is largely improved grassland (822 km2) with
substantial areas of winter wheat (60 km2), maize (55 km2) and
winter barley (24 km2) together with smaller fragmented
coverage of oil seed rape. These farming activities require the
extensive use of metaldehyde at specic times of the year to
control mollusc infestations. Seven high-risk sites (Aldford
Brook, D1; Coddington, D3; Emral Brook, D4; Golborne, D5;
Pulford Brook, D6; Shell Brook, D7 andWorthenbury Brook, D8)
and one low risk site (Ceiriog, D2) were selected for inclusion in
this study. Fig. 1 shows the inter-connectivity of the various
brooks and rivers within the catchment that ow in to the River
Dee towards Chester.1182 | Environ. Sci.: Processes Impacts, 2018, 20, 1180–1190At four locations (D1, D3, D5 and D6) farmers were sub-
sidised to use ferric phosphate-based slug pellets as part of
United Utilities' Sustainable Catchment Management Pro-
gramme (SCaMP).26 This initiative has been in operation since
2015. This programme aims to protect and improve water
quality in the region and hence to reduce drinking water
treatment costs. The eld trial described in this paper was
undertaken between 13th January 2016 to 25th January 2017.River Thames catchment and sampling locations
The River Thames is the longest river in England (255 km) with
the catchment covering 10 000 km2 in Southern England. The
river supplies drinking water to approximately 14 million
people. Precipitation in the catchment ranges from 600–
900 mm per year. The main land use type is arable agriculture,
which covers about 57% of the whole catchment. The average
water concentration of metaldehyde between 2011 and 2015 was
above the PCV at 31 out of 140 sites across the Thames catch-
ment.27 For this eld trial six sites within the greater River
Thames catchment were selected for investigation (Fig. 2).
These were identied as ‘at risk’ sites by Aﬃnity Water Ltd. and
Thames Water within their on-going ‘risk-based’ monitoring
programmes. Three sites were in the borough of Epping Forest
on Cobbins Brook (Swimming Pool (T1); Galley Hill (T2); Cob-
bins End (T3)). These locations were predominantly non-
irrigated arable land (62%) and pastures (18%). Surface water
bodies accounted for 0.65% of coverage.28 Higher concentra-
tions were expected in the surface water at these sites due to
run-oﬀ from the surrounding arable farmland. Two sites were
situated within Tillingbourne (River Wey (T4)) and Weybridge
(Lower Wey (T5)). Here arable land coverage was much lower (4–
16%) with some surface water bodies present (2–7%).28 Hence,
lower concentrations of metaldehyde were expected to enter
surface water bodies in this region. The nal site was located on
the River Enborne in West Berkshire (Shalford Bridge (T6)). InThis journal is © The Royal Society of Chemistry 2018
Fig. 2 Map of sampling site locations within the greater River Thames
basin. Key to the location of sampling sites: Cobbins Brook (Swimming
Pool (T1)); Galley Hill (T2); Cobbins End (T3); Tillingbourne (River Wey
(T4)); Weybridge (Lower Wey (T5)) and the River Enborne in West
Berkshire (Shalford Bridge (T6)). A version of this map giving details of
land use is shown as Fig. S2 in ESI.†
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View Article Onlinethis area arable land coverage was 50% and surface water bodies
0.5%.28 The trial was undertaken between 20th July 2016 to 20th
July 2017.
Spot water sampling and analysis
For the River Dee eld trial, spot samples of river water were
collected every 14 days (corresponding to the deployment
period of the Chemcatcher®) over the twelve month period.
Water samples (250 mL) were collected into pre-cleaned, screw-
topped polyethylene terephthalate bottles and stored without
preservative at 4 C until analysis (within seven days of
collection). Metaldehyde was quantied in the spot water
samples by liquid chromatography tandem mass spectrometry
(LC-MS/MS) using an Agilent 1200RR LC system coupled to an
Agilent 6460 tandem mass spectrometer (Agilent Technologies,
Santa Clara, USA). The instrument was interfaced with an on-
line solid-phase extraction system tted with a Waters Oasis®
HLB cartridge. The limit of quantication (LoQ) of the method
was 10 ng L1, calculated as three times the limit of detection
(LoD). The full analytical procedure has been described previ-
ously by Schumacher et al.29
For the River Thames eld trial, regular spot samples of river
water were collected by ThamesWater and Aﬃnity Water Ltd. as
part of their routine water quality monitoring programme. Over
the twelve month period the frequency of collection varied, but
was typically between 7 and 14 days. The Thames Water spot
samples were collected into 250 mL plastic bottles and stored at
4 C until analysis (within seven days of collection). Our
experiments showed that metaldehyde was stable under these
storage conditions and there were no measurable losses of
analyte over this time period. The Aﬃnity Water spot samples
were collected into 40 mL amber screw top glass bottles with
0.36% w/v sodium thiosulphate solution (0.25 mL) added as
a preservative (Aﬃnity Water Ltd.). Samples were stored at
4 C until analysis (within two weeks of collection).This journal is © The Royal Society of Chemistry 2018Both laboratories are nationally accredited (United Kingdom
Accreditation Service, UKAS) and used a routine and validated
electrospray ionisation LC-MS/MS (Agilent 6490) method (ISO/
IEC 17025:2005) for the quantication of metaldehyde in the
water samples. Samples were analysed by an on-line solid-phase
extraction system interfaced to the liquid chromatograph. The
mobile phase was a 0.1% acetic acid:acetonitrile gradient.
Before analysis water samples were spiked with deuterated
metaldehyde-d16 (>99 atom% deuterium) as an internal stan-
dard and sodium thiosulphate. Samples were analysed using
multiple reaction monitoring MS/MS, with the sodium adduct
ion formed with metaldehyde monitored by the rst quadru-
pole. The LoQ of the method was 9 ng L1, calculated as three
times the LoD.Chemcatcher® passive samplers
Preparation. Three component PTFE Chemcatcher® bodies
(Atlantic design) were obtained from A T Engineering (Tadley,
UK). Components were cleaned by soaking overnight in a 5%
Decon 90 (Decon Laboratories Ltd., Hove, UK) solution and
rinsed with water. This was followed by washing in acetone
(ultrasonic bath for 10 min), removal, rinsed with water and
dried. A Horizon Atlantic™ hydrophilic-lipophilic balanced
(HLB-L) disk (47 mm diameter) (Labmedics Ltd, UK) used as the
receiving phase and was cleaned by soaking in methanol over-
night. The disk was activated by passing HPLC grade methanol
(50 mL) followed by HPLC grade water (100 mL) through the
disk under gentle vacuum. Disks were then le submerged in
Milli-Q water until assembly to prevent them from drying out.
Polyethersulfone (PES) (Supor® 200, 0.2 mm pore diameter; cut
to 52 mm diameter disks) (Pall Europe Ltd., Portsmouth, UK)
was used as the diﬀusion membrane. Membranes were cleaned
by soaking in methanol overnight to remove any artefacts from
the manufacturing process then rinsed with water, and kept wet
until use. Samplers were assembled by placing a HLB-L
receiving phase disk rough side down onto the Chemcatcher®
supporting plate followed by a preconditioned PES membrane
ensuring no air bubbles were present between the two surfaces.
The disk and membrane were then secured using the Chem-
catcher® retaining ring. Assembled devices were kept
submerged in Milli-Q water until use. Prior to taking the
samplers to the eld, the PTFE lid was tted ensuring that there
is a small quantity of water remaining in the top well and then
secured.
Deployment and retrieval. Chemcatcher® samplers were
deployed at the River Dee (triplicate devices) and River Thames
(duplicate devices) for consecutive periods of 2 weeks. During
each deployment and retrieval procedure a eld blank device
was exposed and then resealed and handled subsequently as for
the eld exposed samplers. Previous work had shown that the
Chemcatcher® maintained linear (time integrative) uptake for
over 14 days for metaldehyde enabling TWA concentrations to
be calculated.25 Restricting the exposures to 14 days also helped
to minimise any biofouling of the PES membrane, which may
occur with prolonged deployments. To ensure that the samplers
remained submerged throughout the deployment, they wereEnviron. Sci.: Processes Impacts, 2018, 20, 1180–1190 | 1183
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View Article Onlineplaced in bespoke deployment rigs. At the River Dee, Chem-
catcher® samplers were housed inside stainless steel cages and
placed on the river bed (Fig. S3†). Due to security and the
implications at the River Thames sites, a robust plastic sheet
deployment rig was used, with the samplers maintained0.5 m
below the water surface (Fig. S4†). Both systems were held in the
river using a weight. Upon retrieval Chemcatcher® samplers
were resealed using the PTFE lid, labelled and then wrapped in
aluminium foil. Devices were placed in a cool box, transported
to the laboratory, where they were stored at4 C until analysis.
Extraction and analysis. In the laboratory the Chemcatcher®
samplers were dissembled, the receiving phase disks removed
and placed into pre-cleaned aluminium foil pouches and stored
at 4 C. The PES membranes were discarded. Prior to extrac-
tion, HLB-L disks were allowed to dry on solvent rinsed
aluminium foil (48 h at room temperature). Metaldehyde was
then eluted from the disks (methanol, 40 mL) under gravity
using a glass extraction funnel manifold, with the eluent
collected into pre-cleaned glass vials (60 mL). Water (1 mL) was
added to the vial (to act as a keeper to prevent any loss of
metaldehyde) and the solution evaporated (Genevac ‘Rocket’
centrifugal rotary evaporator, Genevac Ltd., Ipswich, UK) to
0.5mL. The extract was transferred to a pre-cleaned vial (2 mL)
and the solution adjusted to 1 mL with methanol. Metaldehyde
in extracts obtained from Chemcatcher® samplers was analysed
using a similar procedure as for the spot water samples with the
following modication. One hundred mL of extract was added to
a silanised glass auto-sampler vial containing water (900 mL)
and 20 mL of internal standard solution (metaldehyde-d16, 50 mg
L1) and then analysed as above. The LoQ of the method was
0.45 ng L1, calculated as three times the LoD. This value is
approximately 20 lower than that attained by the analytical
method used for the analysis of the spot water samples. Over
a typical deployment period of 14 days the Chemcatcher®
eﬀectively sampled 224 mL of water and hence this accounted
for the lower LoQ.Theory of passive sampling
The theory of the uptake of a chemical by a passive sampling
device is well known and has been described extensively else-
where.16,24,30 The uptake of an analyte over the time integrative
(linear) period is as shown in eqn (1).
Cw ¼ MSðtÞ M0
RS  t (1)
where: Cw ¼ concentration (ng L1) of analyte in water, MS(t) ¼
mass (ng) of analyte in Chemcatcher® receiving phase disk aer
exposure time t (day), M0 ¼ mass (ng) of analyte in receiving
phase disk of Chemcatcher® eld blank, RS ¼ sampler uptake
rate of analyte (L per day).
For laboratory and ‘in-eld’ calibration studies, RS can be
calculated from eqn (1) using the slope (MS(t) t
1) of the
regression of the mass in the sampler upon time (over the linear
portion of the uptake data) and the concentration (Cw) in the
water. Values for RS can then be used in eld trials to estimate
Cw and this corresponds to the TWA concentration of the1184 | Environ. Sci.: Processes Impacts, 2018, 20, 1180–1190chemical over the deployment period. Time weighted average
(TWA) concentrations of metaldehyde were calculated using
eqn (1). The uptake rate (RS) was determined previously in
a laboratory calibration study as 16 mL per day.25 This RS value
was measured at a water temperature of (5.0  1.0 C) and
a water velocity of 0.2 m s1 over the face of the sampler
bodies. These conditions are typical of the temperature and ow
of rivers in the UK during late autumn to winter when metal-
dehyde is most prevalent in catchments.
Results and discussion
River Dee catchment
Spatiotemporal variation of metaldehyde based on spot
sampling. The concentration of metaldehyde found in spot
samples of water from the eight locations (Fig. 1 and S1†) within
the lower eastern part of the catchment is shown in Fig. 3 (site
D4) and in Fig. S5–S11† (sites D1–D3 and D5–D8). These sites
were selected, as metaldehyde was known to be used agricul-
turally in these catchments. In this part of the catchment there
are signicant areas of autumn sown brassicas, oil seed rape
and winter wheat, hence there are wide spread agricultural use
of molluscicides. It was expected farmers in these areas abide
the MSG ‘Get Pelletwise’ guidelines. The maximum application
rate stated in these guidelines is 210 g metaldehyde per hectare.
The time period of the trial coincided with the permitted
application period of metaldehyde in the UK (between 1st
August–31st December). During the study there were many
instances when the concentration of metaldehyde in the spot
water samples was below the LoQ of the analytical method used.
At the eight locations the percentage of samples that were found
to be below the LoQ varied between 48–96% (Table 2).
Throughout the study, at all locations there was little variability
in the concentrations of metaldehyde measured in the spot
samples of water. Apart from one occasion (Emral Brook (D4)
30th November 2016 – see Fig. 3) concentrations were below the
permitted PCV (100 ng L1) for drinking water. There was
evidence that the concentration of metaldehyde in the surface
water increased aer high rainfall events during early June
(28 mm on 09/06/16) and mid-November (26 mm on 21/11/16).
The elevated concentration observed in June was likely to be as
a result of wash-out of residual metaldehyde from the soil or
possibly from horticultural use of molluscicides in the growing
period for summer plants. The higher concentrations seen in
November are related to the increased application of metal-
dehyde for agricultural purposes.
However, it is diﬃcult to link concentrations of metaldehyde
found in the River Dee directly to rainfall events during the
study as there is a number of additional inuential factors
within the catchment that need to be taken into consideration.9
These include method and application rates of metaldehyde,
croppage, eld slope and drainage, soil type and moisture
decit. The signicance of each of these factors on the
concentration of metaldehyde found within such a complex
river catchment is impossible to predict with certainty. The low
inputs of metaldehyde found at sites D1, D3, D5 and D6 are
likely to be of a result of farmers switching their molluscicide toThis journal is © The Royal Society of Chemistry 2018
Fig. 3 Concentration of metaldehyde (ng L1) found in spot samples of
water (C) and time weighted average (TWA) concentrations found with
the Chemcatcher® passive sampler ( ) estimated using eqn (1) at
Emral Brook (D4) during the River Dee catchment ﬁeld trial (January
2016–Janaury 2017). Daily rainfall (mm) in the area over the same period
is also shown (data courtesy of Natural ResourcesWales information data
base© – all rights reserved). The line ( ) shows the European Union's
Drinking Water Directive limit of 100 ng L1 for a single pesticide. The
grey shaded box indicates the time period in the UKwhenmetaldehyde is
applied agriculturally to land. The limit of quantiﬁcation for spot samples
of water was 10 ng L1 and for extracts obtained from the Chem-
catcher® passive sampler was 0.45 ng L1. Only data points above these
limits of quantiﬁcation are shown in the ﬁgure.
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View Article Onlineferric phosphate-based slug pellets as part of United Utilities'
Sustainable Catchment Management Programme (SCaMP).26
The very low concentration of metaldehyde (detected in onlyTable 2 Number of spot samples of water collected at either River Dee
limit of quantiﬁcation (LoQ) of the analytical method used
Site name Site code
Number of spo
samples wate
collected
River Dee catchment
Aldford Brook D1 26
Ceiriog D2 27
Coddington D3 27
Emral Brook D4 27
Golborne D5 27
Pulford Brook D6 27
Shell Brook D7 27
Worthenbury Brook D8 26
River Thames catchment
Cobbins Brook (Swimming pool) T1 35
Cobbins Brook (Galley hill) T2 35
Cobbins Brook (Cobbins end) T3 35
River Wey (Tillingbourne) T4 29
Lower Wey (Weybridge) T5 29
River Enbourne (Shalford bridge) T6 54
This journal is © The Royal Society of Chemistry 2018one spot sample at 15 ng L1) found at site D2 is related to land
type. Here the area is dominated by acidic, wet and peaty land
that is not of a suitable quality for growing crops.
Comparison of Chemcatcher® and spot sampling data for
metaldehyde. The amount of metaldehyde found in all the eld
blank samplers was below the LoQ (<0.45 ng L1). For all
samplers deployed throughout the trial there was minimal
biofouling of the PES membrane. Due to its high polarity
(log Kow ¼ 0.12) it was expected that metaldehyde will be freely
dissolved in the water column, with limited binding to any
particulate or dissolved organic matter present. Previous work
in our laboratory had shown that there was no measurable lag
phase in the uptake of metaldehyde by the Chemcatcher®.25
TWA concentrations of metaldehyde were calculated using eqn
(1). The mean values obtained from the triplicate deployments
are shown in Fig. 3 (site D4) and in Fig. S5–S11† (sites D1–D3
and D5–D8). Sampler deployments were restricted to 14 days as
inputs of metaldehyde into river catchments are known to be
episodic.9,27 Restricting deployments to this time period also
minimised any likelihood of biofouling on the surface of the
PES membrane.
It was estimated (using eqn (1) and the RS value) that even for
short periods of time (e.g. pollutant present for 1 day out of
a total deployment period of 14 days at a concentration of
metaldehyde of only 6 ng L1) suﬃcient sequestration of met-
aldehyde would be obtained on the receiving phase disk (0.1
ng) for quantitative analysis.
At all sites the TWA concentrations of metaldehyde followed
a similar pattern to the concentrations found using the spot
water sampling approach. It needs to be recognised in the
interpretation of the two sets of data, that the LoQ for the
analysis of the extracts obtained from the Chemcatcher® is20
times lower than that obtainable by the analysis of spot samples
of water. Hence, unlike with the spot samples of water (see
Table 2), metaldehyde could be detected in all the extractscatchment or River Thames catchment and those above or below the
t
r
Number of spot
samples of water
above LoQ
Number of spot
samples of water
below LoQ
Percentage
below LoQ
11 15 58
1 26 96
6 21 78
3 24 89
14 13 48
10 17 63
4 23 85
9 17 65
33 2 6
33 2 6
33 2 6
9 20 69
9 20 69
32 22 41
Environ. Sci.: Processes Impacts, 2018, 20, 1180–1190 | 1185
Fig. 4 Concentration of metaldehyde (ng L1) found in spot samples
of water (C) and time weighted average (TWA) concentrations found
with the Chemcatcher® passive sampler ( ) estimated using eqn (1)
at Cobbins Brook (Swimming Pool (T1)) during the greater River
Thames ﬁeld trial (July 2016–July 2017). Daily rainfall (mm) in the
South East England area (HadUKP http://www.metoﬃce.gov.uk/
hadobs/hadukp/) is also shown. The line ( ) shows the European
Union's Drinking Water Directive limit of 100 ng L1 for a single
pesticide. The grey shaded boxes indicates the time period in the UK
when metaldehyde is applied agriculturally to land. The limit of
quantiﬁcation for spot samples of water was 9 ng L1 and for extracts
obtained from the Chemcatcher® passive sampler was 0.45 ng L1.
Only data points above these limits of quantiﬁcation are shown in the
ﬁgure.
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View Article Onlineobtained from the Chemcatcher®. This, therefore, represents
a signicant advantage of using passive sampling methods in
river catchment investigations. As with the spot samples, higher
TWA values were found during the agricultural application
period for metaldehyde and during elevated rainfall periods. It
is diﬃcult to compare directly the water quality data obtained
using the two monitoring techniques, particularly where the
concentration of pollutant is episodic.31–33 Firstly, there is no
information on how the concentration of metaldehyde varied in
the time interval between collections (typically every 14 days) of
spot samples of water. This is particularly important for
pollutants such as metaldehyde, where infrequent spot
sampling can easily miss sporadic inputs. Secondly, there is
evidence from other eld trials that polar passive samplers are
unable to fully integrate stochastic events where there are
rapidly changing concentrations of pollutants as could be
occurring in the River Dee.34,35
For metaldehyde, its relatively low RS value (16 mL per day)
may lead to an under-sampling (poor integration) of a rapidly
(e.g. a few hours) occurring pollution event. The inverse,
however, appears to have occurred at one occasion (corre-
sponding to the highest rainfall) during the prolonged
pollution events within the agricultural application period.
Here, at all sites apart from Ceiriog (D2) the TWA concen-
trations obtained from the Chemcatcher® were overestimates
compared to the spot water sample concentrations for the
same period. One possible reason is that the RS value
increased due to the more turbulent conditions as a conse-
quence of higher water ow rates in the catchment. This
would lead to an increased sequestration of metaldehyde and
hence a higher TWA concentration being calculated (eqn (1)).
In the laboratory RS was measured as 16 mL per day (water
temperature¼ 5.0 1.0 C and water velocity 0.2 m s1). For
example at Emral Brook (D4) on 30th November, the concen-
tration of metaldehyde in the spot sample of water was
110 ng L1 (see Fig. 3). The mass of metaldehyde sequestered
on the HLB-L receiving phase for the Chemcatcher® deployed
between 17th–30th November 2016 was 40 ng. Using these
values in eqn (1) this resulted in an RS ¼ 28 mL per day,
approaching twice the value measured in the laboratory
study.25 This deployment period coincided with high rainfall
(peak value ¼ 26 mm) in the catchment that would have led to
high water ows in the Brook. These ndings indicate that the
RS value is sensitive to water velocity. It is also expected that in
periods of low water ow, the inverse would apply and RS
would decrease.
One solution to overcome this diﬃculty of the RS varying
with changing environmental conditions during eld deploy-
ments is the use of performance reference compounds (PRCs).
PRCs have been shown to be eﬀective with samplers used for
the sequestration of non-polar pollutants.36,37 The eﬀective-
ness of this concept for use with polar passive samplers is not
fully proven and alternative solutions such as the use of
passive ow monitors (e.g. rate of dissolution of calcium
sulphate casts) and increasing membrane resistance have
been suggested and warrant further study with the
Chemcatcher®.38,391186 | Environ. Sci.: Processes Impacts, 2018, 20, 1180–1190River Thames catchment
Spatiotemporal variation of metaldehyde based on spot
sampling. The concentration of metaldehyde found in spot
samples of water from the six locations (Fig. 2 and S2†) within
the greater River Thames catchment is shown in Fig. 4 and 5
(sites T1 and T6 respectively) and in Fig. S12–S15† (sites T2–T5).
These locations were selected for investigation as metaldehyde
had been found previously during monitoring activities
undertaken by Aﬃnity Water Ltd. and Thames Water and were
considered ‘at risk’ sites. As was found in the other eld study,
there were several instances where metaldehyde could not be
detected in the spot samples of water. In the greater River
Thames catchment this varied between 6–69% (Table 2). Met-
aldehyde was most frequently detected in the three Cobbins
Brook sites.
The trial captured the permitted agricultural application
period of metaldehyde. At the three sites at Cobbins Brook (T1–
T3) there were elevated concentrations of metaldehyde (up to
4180 ng L1). There were several exceedances of the permitted
PCV (12–42 times higher) during the period 1st August to 31st
December 2016. As metaldehyde is diﬃcult to remove in
drinking water treatment works this could be problematic if
such waters were abstracted for the production of potable
supplies. These exceedances occurred when there was increasedThis journal is © The Royal Society of Chemistry 2018
Fig. 5 Concentration of metaldehyde (ng L1) found in spot samples
of water (C) and time weighted average (TWA) concentrations found
with the Chemcatcher® passive sampler ( ) estimated using eqn (1)
at River Enborne in West Berkshire (Shalford Bridge (T6)) during the
greater River Thames ﬁeld trial (July 2016–July 2017). Daily rainfall
(mm) in the South East England area (HadUKP http://
www.metoﬃce.gov.uk/hadobs/hadukp/) is also shown. The line
( ) shows the European Union's Drinking Water Directive limit of
100 ng L1 for a single pesticide. The grey shaded box indicates the
time period in the UK when metaldehyde is applied agriculturally to
land. The limit of quantiﬁcation for spot samples of water was 9 ng L1
and for extracts obtained from the Chemcatcher® passive sampler
was 0.45 ng L1. Only data points above these limits of quantiﬁcation
are shown in the ﬁgure.
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View Article Onlinerainfall in the catchment. Higher concentrations were not
unexpected as this area contains extensive horticultural and
arable farmland that drains directly into the Brook. Previous
work in the River Thames catchment has shown that the rate of
application of slug pellets is the key factor of increased
concentrations of metaldehyde in surface waters.27 At the other
three sites (T4–T6) the concentration of metaldehyde was lower,
with just one exceedance of the PCV (130 ng L1 on the 22nd
November 2016 at T6). The use of molluscicides at these loca-
tions is lower to due to the type of land coverage (a mixture of
arable, grassland and built up areas with gardens).
Comparison of Chemcatcher® and spot sampling data for
metaldehyde. As with the River Dee trial, the amount of met-
aldehyde found in all the eld blank samplers was below the
LoQ (<0.45 ng L1) and there was minimal biofouling of the PES
membrane. TWA concentrations of metaldehyde were calcu-
lated using eqn (1), and the mean values obtained from the
duplicate deployments are shown in Fig. 4 and 5 (sites T1 and
T6 respectively) and in Fig. S12–S15† (sites T2–T5). With the
exception of one sample (collected at River Enborne, Shalford
Bridge (siteT6)), metaldehyde could be detected in all extracts
obtained from the investigation, again showing one of the
benets of using the passive sampling approach. For all sites
there was generally good agreement between the two moni-
toring techniques, with elevated TWA concentrations beingThis journal is © The Royal Society of Chemistry 2018measured during the metaldehyde application period. As with
the above trial, there is no information on the changes in
concentration of metaldehyde between the 14 day spot sample
collections. The variation of RS with water velocity appears to
have a lesser impact than that observed in the River Dee trial.
Potential use of passive samplers in routine regulatory
monitoring programmes. Understanding the sources, fate and
uxes of polar pollutants in a complex river catchment is diﬃ-
cult using routine monitoring procedures such as infrequent
spot water sampling. As this study has demonstrated, metal-
dehyde is a highly stochastical pollutant due to application
times and rates of slug pellets, land use and the inuence of
rainfall. Spot sampling (every 2 or 4 weeks) can miss pollution
inputs, as there is no information on the environmental status
of the river between these sampling events. A solution to this is
higher frequency monitoring or through the use of automated
time triggered sampling devices, however, this approach is
expensive.15 Furthermore, these automated type samplers can
only be used at secure locations due to vandalism and the
considerations.
In recent years there has been an increased interest in the
use of passive sampling devices to overcome some of the above
shortcomings of spot sampling procedures. Work in this area
for detecting and measuring a wide range of key substances is
already proving successful and leading to a better knowledge of
the sources and transport of pollutants within surface water
systems.19,33,40,41 Additionally, there have been a number of
publications highlighting their benets within investigative
monitoring activities within the remit of the European Union's
Water Framework Directive and other regulatory water quality
monitoring programmes.42,43 As shown in our study, key to the
acceptability of the passive sampling approach by regulators
and other end-users is an improved understanding of the
comparability of diﬀerent sampling strategies (spot, event trig-
gered or passive) particularly for pollutants (e.g. acidic herbi-
cides, metaldehyde) that are present episodically in river
catchments.44
An additional use of passive samplers is to generate TWA
concentrations that can be used in combination with in situ ow
data to estimate monthly or annual uxes of specic pollut-
ants.33 This information can be used to better inform environ-
mental risk assessments at the catchment scale. Furthermore,
deploying passive samplers at the intake of water supply works
could be benecial in estimating annual loads of pollutants
entering the plant. Such an approach is being used eﬀectively by
South West Water Ltd. for acidic herbicides at a works on the
River Exe (personal communication). The data obtained is
proving to be useful in aiding the operability of the treatment
processes, such as when to regenerate the granular activated
carbon beds.
Conclusions
This paper is one of the rst publications to show how the
concentrations of metaldehyde in two diﬀerent river catch-
ments are aﬀected by the application period of slug pellets and
aer rainfall events. Both spot water sampling and passiveEnviron. Sci.: Processes Impacts, 2018, 20, 1180–1190 | 1187
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View Article Onlinesampling techniques were able to eﬀectively monitor stochastic
inputs of the molluscicide. In many instances, however, the
concentration of metaldehyde in spot water samples was below
the LoQ of the analytical method. The techniques gave con-
trasting, yet comparable, information on pollution events in the
catchments. However, comparing directly the concentrations
derived from these methods is diﬃcult.
There are benets in using passive samplers to further the
understanding of sources and transport of polar pollutants
within riverine systems. For example, TWA values have the
potential to be used to generate more meaningful pollutant data
to check against annual average environmental quality stan-
dards (EQS) within the European Union's Water Framework
Directive. Furthermore, TWA concentrations (e.g. collected over
a 14 day interval) rather than infrequent spot water sampling
measurements can be benecial when assessing the advantages
of additional farm support measures, nancial incentives and
impacts of environmental remediation strategies (e.g. substi-
tution of metaldehyde with ferric phosphate). Such time-
weighted data on concentrations could be included in biogeo-
chemical transport models such as the INCA-contaminants.
Application of this model has recently been described for met-
aldehyde by Lu et al.27
Some knowledge gaps still remain, as passive samplers such
as the Chemcatcher® can only measure average concentrations
over time rather than real-time sporadic concentrations in the
aquatic environment. Additionally, passive samplers cannot
measure peak concentrations of pollutants within an environ-
mental system. When concentrations were elevated in the river
there is some evidence that the Chemcatcher® can over esti-
mate the TWA concentration. Although this is not an ideal
situation, making environmental decisions on these measure-
ments, however, is risk limited for water supply companies and
regulators. In order to obtain more robust TWA data a further
understanding is needed on desorption and uptake mecha-
nisms of metaldehyde using the Chemcatcher®, as well as
a comparative study against on-line sampling techniques.
Despite these concerns, the Chemcatcher® can provide further
information for catchment management strategies, particularly
at locations where surface water is abstracted for potable
supplies.
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Figure S1. Map of sampling site locations and details of land use in the lower eastern 
part of the River Dee catchment. Key to the location of sampling sites: Aldford Brook 
(D1), Ceiriog (D2), Coddington (D3), Emral Brook (D4), Golborne (D5), Pulford Brook 
(D6), Shell Brook (D7) and Worthenbury Brook (D8).
Figure S2. Map of sampling site locations and land use within the greater River Thames basin. 
Key to the location of sampling sites: Cobbins Brook (Swimming Pool (T1)); Galley Hill (T2); 
Cobbins End (T3); Tillingbourne (River Wey (T4)); Weybridge (Lower Wey (T5)) and the River 
Enborne in West Berkshire (Shalford Bridge (T6)). 
Figure S3: Stainless steel holder and cage used to deploy triplicate Chemcatcher® passive 
samplers in the River Dee catchment field trial (photographs courtesy of the Welsh Dee 
Trust).
Buoy (flotation) 
device)
Carabiner
s
Water 
flow
Water level
Acrycast plastic sheet 
with two Chemcatcher® 
samplers, secured by split 
pinsSheet secured 
to rope by 
cable ties
Paving slab 400 x 400 
mm
Eye secured to paving slab 
with bolts and washers
Figure S4. Schematic of rig used to deploy duplicate Chemcatcher® passive samplers in the 
greater River Thames field trial.
Chemcatcher® samplers 
deployed ~ 0.5 m below 
water surface
Figure S5. Concentration of metaldehyde (ng L−1) found in spot samples of water () and time 
weighted average (TWA) concentrations found with the Chemcatcher® passive sampler (_____) 
estimated using Equation 1 at Alford Brook (D1) during the River Dee catchment field trial 
(January 2016-Janaury 2017). Daily rainfall (mm) in the area over the same period is also 
shown (data courtesy of Natural Resources Wales information data base© - all rights 
reserved). The line (∙∙∙∙∙∙∙) shows the European Union's Drinking Water Directive limit of 100 
ng L−1 for a single pesticide. The grey shaded box indicates the time period in the UK when 
metaldehyde is applied agriculturally to land. The limit of quantification for spot samples of 
water was 10 ng L-1 and for extracts obtained from the Chemcatcher® passive sampler was 
0.45 ng L-1. Only data points above these limits of quantification are shown in the figure.
Figure S6. Concentration of metaldehyde (ng L−1) found in spot samples of water () and time 
weighted average (TWA) concentrations found with the Chemcatcher® passive sampler (_____) 
estimated using Equation 1 at Ceiriog (D2) during the River Dee catchment field trial (January 
2016-Janaury 2017). Daily rainfall (mm) in the area over the same period is also shown (data 
courtesy of Natural Resources Wales information data base© - all rights reserved). The line 
(∙∙∙∙∙∙∙) shows the European Union's Drinking Water Directive limit of 100 ng L−1 for a single 
pesticide. The grey shaded box indicates the time period in the UK when metaldehyde is 
applied agriculturally to land. The limit of quantification for spot samples of water was 10 ng 
L-1 and for extracts obtained from the Chemcatcher® passive sampler was 0.45 ng L-1. Only 
data points above these limits of quantification are shown in the figure.
Figure S7. Concentration of metaldehyde (ng L−1) found in spot samples of water () and time 
weighted average (TWA) concentrations found with the Chemcatcher® passive sampler (_____) 
estimated using Equation 1 at Coddington (D3) during the River Dee catchment field trial 
(January 2016-Janaury 2017). Daily rainfall (mm) in the area over the same period is also 
shown (data courtesy of Natural Resources Wales information data base© - all rights 
reserved). The line (∙∙∙∙∙∙∙) shows the European Union's Drinking Water Directive limit of 100 
ng L−1 for a single pesticide. The grey shaded box indicates the time period in the UK when 
metaldehyde is applied agriculturally to land. The limit of quantification for spot samples of 
water was 10 ng L-1 and for extracts obtained from the Chemcatcher® passive sampler was 
0.45 ng L-1. Only data points above these limits of quantification are shown in the figure.
Figure S8. Concentration of metaldehyde (ng L−1) found in spot samples of water () and time 
weighted average (TWA) concentrations found with the Chemcatcher® passive sampler (_____) 
estimated using Equation 1 at Golborne (D5) during the River Dee catchment field trial 
(January 2016-Janaury 2017). Daily rainfall (mm) in the area over the same period is also 
shown (data courtesy of Natural Resources Wales information data base© - all rights 
reserved). The line (∙∙∙∙∙∙∙) shows the European Union's Drinking Water Directive limit of 100 
ng L−1 for a single pesticide. The grey shaded box indicates the time period in the UK when 
metaldehyde is applied agriculturally to land. The limit of quantification for spot samples of 
water was 10 ng L-1 and for extracts obtained from the Chemcatcher® passive sampler was 
0.45 ng L-1. Only data points above these limits of quantification are shown in the figure.
Figure S9. Concentration of metaldehyde (ng L−1) found in spot samples of water () and time 
weighted average (TWA) concentrations found with the Chemcatcher® passive sampler (_____) 
estimated using Equation 1 at Pulford Brook (D6) during the River Dee catchment field trial 
(January 2016-Janaury 2017). Daily rainfall (mm) in the area over the same period is also 
shown (data courtesy of Natural Resources Wales information data base© - all rights 
reserved). The line (∙∙∙∙∙∙∙) shows the European Union's Drinking Water Directive limit of 100 
ng L−1 for a single pesticide. The grey shaded box indicates the time period in the UK when 
metaldehyde is applied agriculturally to land. The limit of quantification for spot samples of 
water was 10 ng L-1 and for extracts obtained from the Chemcatcher® passive sampler was 
0.45 ng L-1. Only data points above these limits of quantification are shown in the figure.
Figure S10. Concentration of metaldehyde (ng L−1) found in spot samples of water () and 
time weighted average (TWA) concentrations found with the Chemcatcher® passive sampler 
(_____) estimated using Equation 1 at Shell Brook (D7) during the River Dee catchment field 
trial (January 2016-Janaury 2017). Daily rainfall (mm) in the area over the same period is also 
shown (data courtesy of Natural Resources Wales information data base© - all rights 
reserved). The line (∙∙∙∙∙∙∙) shows the European Union's Drinking Water Directive limit of 100 
ng L−1 for a single pesticide. The grey shaded box indicates the time period in the UK when 
metaldehyde is applied agriculturally to land. The limit of quantification for spot samples of 
water was 10 ng L-1 and for extracts obtained from the Chemcatcher® passive sampler was 
0.45 ng L-1. Only data points above these limits of quantification are shown in the figure.
Figure S11. Concentration of metaldehyde (ng L−1) found in spot samples of water () and 
time weighted average (TWA) concentrations found with the Chemcatcher® passive sampler 
(_____) estimated using Equation 1 at Worthenbury Brook (D8) during the River Dee catchment 
field trial (January 2016-Janaury 2017). Daily rainfall (mm) in the area over the same period 
is also shown (data courtesy of Natural Resources Wales information data base© - all rights 
reserved). The line (∙∙∙∙∙∙∙) shows the European Union's Drinking Water Directive limit of 100 
ng L−1 for a single pesticide. The grey shaded box indicates the time period in the UK when 
metaldehyde is applied agriculturally to land. The limit of quantification for spot samples of 
water was 10 ng L-1 and for extracts obtained from the Chemcatcher® passive sampler was 
0.45 ng L-1. Only data points above these limits of quantification are shown in the figure.
Figure S12. Concentration of metaldehyde (ng L−1) found in spot samples of water () and 
time weighted average (TWA) concentrations found with the Chemcatcher® passive sampler 
(_____) estimated using Equation 1 at Cobbins Brook (Galley Hill (T2)) during the greater River 
Thames field trial (July 2016-July 2017). Daily rainfall (mm) in the South East England area 
(HadUKP http://www.metoffice.gov.uk/hadobs/hadukp/) is also shown. The line (∙∙∙∙∙∙∙) shows 
the European Union's Drinking Water Directive limit of 100 ng L−1 for a single pesticide. The 
grey shaded boxes indicates the time period in the UK when metaldehyde is applied 
agriculturally to land. The limit of quantification for spot samples of water was 9 ng L-1 and for 
extracts obtained from the Chemcatcher® passive sampler was 0.45 ng L-1. Only data points 
above these limits of quantification are shown in the figure.
Figure S13. Concentration of metaldehyde (ng L−1) found in spot samples of water () and 
time weighted average (TWA) concentrations found with the Chemcatcher® passive sampler 
(_____) estimated using Equation 1 at Cobbins Brook (Cobbins End (T3)) during the greater 
River Thames field trial (July 2016-July 2017). Daily rainfall (mm) in the South East England 
area (HadUKP http://www.metoffice.gov.uk/hadobs/hadukp/) is also shown. The line (∙∙∙∙∙∙∙) 
shows the European Union's Drinking Water Directive limit of 100 ng L−1 for a single pesticide. 
The grey shaded boxes indicates the time period in the UK when metaldehyde is applied 
agriculturally to land. The limit of quantification for spot samples of water was 9 ng L-1 and for 
extracts obtained from the Chemcatcher® passive sampler was 0.45 ng L-1. Only data points 
above these limits of quantification are shown in the figure.
Figure S14. Concentration of metaldehyde (ng L−1) found in spot samples of water () and 
time weighted average (TWA) concentrations found with the Chemcatcher® passive sampler 
(_____) estimated using Equation 1 at Guilford (River Wey (T4)) during the greater River 
Thames field trial (July 2016-July 2017). Daily rainfall (mm) in the South East England area 
(HadUKP http://www.metoffice.gov.uk/hadobs/hadukp/) is also shown. The line (∙∙∙∙∙∙∙) shows 
the European Union's Drinking Water Directive limit of 100 ng L−1 for a single pesticide. The 
grey shaded box indicates the time period in the UK when metaldehyde is applied agriculturally 
to land. The limit of quantification for spot samples of water was 9 ng L-1 and for extracts 
obtained from the Chemcatcher® passive sampler was 0.45 ng L-1. Only data points above 
these limits of quantification are shown in the figure.
Figure S15. Concentration of metaldehyde (ng L−1) found in spot samples of water () and 
time weighted average (TWA) concentrations found with the Chemcatcher® passive sampler 
(_____) estimated using Equation 1 at Weybridge (Lower Wey (T5)) during the greater River 
Thames field trial (July 2016-July 2017). Daily rainfall (mm) in the South East England area 
(HadUKP http://www.metoffice.gov.uk/hadobs/hadukp/) is also shown. The line (∙∙∙∙∙∙∙) shows 
the European Union's Drinking Water Directive limit of 100 ng L−1 for a single pesticide. The 
grey shaded box indicates the time period in the UK when metaldehyde is applied agriculturally 
to land. The limit of quantification for spot samples of water was 9 ng L-1 and for extracts 
obtained from the Chemcatcher® passive sampler was 0.45 ng L-1. Only data points above 
these limits of quantification are shown in the figure.
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Abstract Metaldehyde is recognised as an emerging
contaminant. It is a powerful molluscicide and is the
active compound in many types of slug pellets used for
the protection of crops. The application of pellets to land
generally takes place between August and December
when slugs thrive. Due to its high use and physico-
chemical properties, metaldehyde can be present in the
aquatic environment at concentrations above the EU
DrinkingWater Directive limit of 100 ng L−1 for a single
pesticide. Such high concentrations are problematic
when these waters are used in the production of drinking
water. Being able to effectively monitor this pollutant of
concern is important. We compared four different mon-
itoring techniques (spot and automated bottle sampling,
on-line gas chromatography/mass spectrometry (GC/
MS) and passive sampling) to estimate the concentration
of metaldehyde. Trials were undertaken in the
Mimmshall Brook catchment (Hertfordshire, UK) and
in a feed in a drinking water treatment plant for differing
periods between 17th October and 31st December 2017.
This period coincided with the agricultural application
of metaldehyde. Overall, there was a good agreement
between the concentrations measured by the four tech-
niques, each providing complementary information.
The highest resolution data was obtained using the on-
line GC/MS. During the study, there was a large exceed-
ance (500 ng L−1) of metaldehyde that entered the
treatment plant; but this was not related to rainfall in
the area. Each monitoring method had its own advan-
tages and disadvantages for monitoring investigations,
particularly in terms of cost and turn-a-round time of
data.
Keywords Metaldehyde .Water monitoring . Drinking
water . Spot sampling . Passive sampling . On-line gas
chromatography/mass spectrometry
Introduction
Metaldehyde (C8H16O4) is now considered an emerging
pollutant of concern. It is a cyclic tetramer of acetalde-
hyde and is used as potent molluscicide. Metaldehyde is
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the active compound in many propriety types of slug
bait in use worldwide (Bieri 2003). It is used agricultur-
ally to protect a wide range of crops, including oil seed
rape, wheat and winter barley from unwanted pests
(Simms et al. 2006). It is most frequently used in the
autumn and winter when slugs and snails tend to thrive
in the wetter environment (Green 1996). Between 2008
and 2014, it was estimated that in Great Britain arable
farmers used ~ 1640 t of pellets containing metaldehyde
(FERA 2018). Metaldehyde is polar (log Kow = 0.12 at
20 °C), soluble in water (0.188 g L−1 at 20 °C) and
mobile in soil (PPDB 2018). After application to land,
during wet conditions, it can run-off into field drains and
surface waters (Kay and Grayson 2014). Issues relating
to metaldehyde in the environment have been reviewed
(Castle et al. 2017).
Levels of metaldehyde found in environmental wa-
ters fluctuate with seasonal application of the mollusci-
cide. High usage of metaldehyde has led to frequent
detections in surface waters above the EU Drinking
Water Directive (DWD) limit of 0.1 μg L−1 for any
single pesticide. In the UK water industry, this is re-
ferred to as the prescribed concentration value (PCV))
(European Commission 1998). There is a potential risk
when these waters are used subsequently for potable
supplies (Drinking Water Inspectorate 2017). Further
issues arise as removing metaldehyde from contaminat-
ed supplies can be difficult. For example, this compound
is hard to remove when using conventional granular
activated carbon beds as water treatment processes
(Busquets et al. 2014). More specialised treatment tech-
niques e.g. ultra violet radiation and oxidation processes
can be used to remove metaldehyde; these processes
require high capital investment and are expensive to
operative (Castle et al. 2017). Alternative application
approaches (e.g. subsidising the use ferric phosphate
as an alternative molluscicide) and river catchment man-
agement plans have been developed to help to reduce
metaldehyde concentrations in surface waters within the
UK. For example, the Metaldehyde Stewardship Group
has created the BGet pellet-wise^ initiative with the aim
to work with farmers on the timing and application rates
of metaldehyde (Metaldehyde Stewardship Group
2018). In order to gauge the performance of these reme-
dial actions and initiatives, a viable water monitoring
programme for metaldehyde needs to be established.
Such programmes need to take into consideration the
sporadic presence of this pollutant due to the stochastic
nature of the inputs that are also linked to rainfall events
and other environmental factors (e.g. soil type, soil
saturation index and slope) within a given river catch-
ment. Hence, ideally, the monitoring method used
should be responsive and able to provide information
in a timely fashion to end-users so as to enable them to
mitigate for any environmental risks.
A number of different water quality methods are
available for monitoring a pollutant like metaldehyde
in surface water, each with their associated advantages
and disadvantages. The most common procedure ap-
proach is spot (bottle or grab) sampling that involves
the periodic removal of a small volume of water for
subsequent analysis at a remote laboratory. This proce-
dure is routinely applied by water supply companies as
part of their regulatory monitoring programmes. The
method is low-cost, but has some limitations (Gong
et al. 2018). For example, collected samples often re-
quire pre-concentration prior to analysis, and this can be
time consuming; the concentrations obtained can be
misrepresentative especially where there are sporadic
inputs of pollutants into the aquatic environment and
the response time is slow (Rabiet et al. 2010). One way
of increasing the resolution temporally is by increasing
the frequency of spot sampling or using automated
water collection systems (e.g. time or event triggered
bottle samplers). The use of automated samplers has
some disadvantages in that they are expensive to pur-
chase, require regular maintenance and can be used only
at relatively secure field sites. Additionally, the in-
creased number of samples collected during a monitor-
ing programme adds significantly to the operating costs
of the analytical laboratory. The use of on-line telemetric
sensors that can be linked to a remote control centre to
enable management decisions (e.g. cessation of
abstracting water going into a treatment works) provides
the highest degree of temporal resolution and respon-
siveness with the ability to catch and react to stochastic
pollution events. Although some sensor-based systems
have been proposed for the measurement of metalde-
hyde (e.g. Lonestar™ portable detection system, that
utilises a field asymmetric ion mobility spectrometer
(Castle et al. 2017), none are in routine use as an
effective monitoring tool at the intake of drinking water
treatment plants.
An alternative approach to water quality monitoring
overcoming many issues associated with spot sampling
is the use of passive samplers. These devices have been
introduced as a method for providing more representa-
tive (e.g. time-weighted average [TWA]) concentrations
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of pollutants in water (Townsend et al. 2018; Castle
et al. 2018a). Passive samplers offer many advantages
including low-cost, are non-mechanical, requiring no
external energy source and can be deployed in a wide
range of different field situations. A number of different
devices have been developed to monitor different types
of organic pollutants occuring in surface waters (Vrana
et al. 2005). These samplers include semi-permeable
membrane devices, polymer sheets (e.g. low-density
polyethylene or silicone rubber) or Chemcatcher® for
non-polar pollutants (Lohmann et al. 2012) and the
polar organic chemical integrative sampler (POCIS)
(Van Metre et al. 2017; Alvarez et al. 2004), o-DGT
(Guibal et al. 2017; Challis et al. 2016; Chen et al. 2013)
or the polar version of the Chemcatcher® (Petrie et al.
2016) for polar pollutants. For the measurement of polar
analytes, samplers are comprised of an inert body that
houses the receiving phase that is selective for the
analytes of concern. Normally, the receiving phase is
overlaid by a thin diffusion membrane. Samplers can be
deployed for varying amounts of time (e.g. 7–28 days)
where compounds are sequestered continually from the
environmental medium. The measurement of the TWA
concentration of a pollutant requires the compound-
specific sampler uptake rate (Rs, normally expressed as
the equivalent volume of water cleared per unit time
(L day−1)) needed (Vrana et al. 2005). Rs can be mea-
sured using either, laboratory or in situ field calibration
experiments (Castle et al. 2018b). Mathematical models
based on the physicochemical properties of a chemical
can also be used to predict Rs (Challis et al. 2016; Miller
et al. 2016; Booij et al. 2007). Recently, a bespoke
Chemcatcher® passive sampler suitable for monitoring
metaldehyde in surface waters has been developed
(Castle et al. 2018b). The sampler comprises an inert
PTFE body containing a hydrophilic-lipophilic-
balanced Horizon Atlantic™ HLB-L disk as receiving
phase, overlaid with a thin polyethersulfone (PES) dif-
fusion membrane (Castle et al. 2018b).
This study aimed to investigate a number of dif-
ferent monitoring approaches for the measurement of
metaldehyde in surface water and in an influent
stream entering a drinking water treatment plant.
The monitoring was undertaken during the period
when metaldehyde was being applied to land within
the river catchment. This was likely to result in spo-
radic inputs of the molluscicide into surface water.
Four different methods were evaluated including spot
water sampling, automated bottle sampling, on-line
gas chromatography/mass spectrometry (GC/MS)
system and passive sampling. Their performance
was evaluated in terms of their ability to provide
robust and representative concentrations of metalde-
hyde which could be used subsequently in environ-
mental risk assessments and to facilitate better man-
agement of water abstraction and also reduce the risk
of regulatory exceedances.
Materials and methods
Monitoring site
The trial was undertaken at Mimmshall Brook, which is
situated in Hertfordshire, Southern England. This river
catchment area is primarily arable farmland (20.8 km2)
growing oil seed rape (3.12 km2), winter wheat and
other cereals (11.5 km2). Both metaldehyde and ferric
phosphate are used in this area agriculturally to control
mollusc infestations. Part of the brook flows into a large
karstic swallow hole system where it mixes with
groundwater. The resultant water in the swallow holes
is heavily influenced by the quality of the surface water.
This mixed water source is abstracted (9.09 ML day−1)
by Affinity Water Ltd., the local drinking water supply
company. This source together with three others are
used as potable supplies (31.5 ML day−1) supplying a
large population within Hertfordshire and North
London. Over the past 8 years, concentrations of metal-
dehyde above the PCV have been detected frequently in
this water that supplies the drinking water treatment
plant. This presents an operational risk for the company.
Inside the plant, the supply water from groundwater
influenced by the swallow hole network is first clarified
to reduce turbidity and then passed over granular acti-
vated carbon beds (for removal of organic chemicals),
followed by membrane ultra-filtration and finally
disinfection.
Monitoring at Mimmshall Brook
Three different monitoring techniques (spot sampling,
automated bottle sampling and passive sampling) were
trialled at Mimmshall Brook between 17th October and
14th November 2017. This corresponded to the agricul-
tural application period of metaldehyde in the river
catchment. Over the trial, the water temperature in the
Brook varied between 8.0 and 12.5 °C.
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Spot water sampling
Over the trial, two independent sets of spot water sam-
ples were collected by the University of Portsmouth
(weekly duplicates) and Affinity Water Ltd. (five sam-
ples collected during their routine water monitoring
programme). Spot samples of water gathered in this
study followed methods described by Castle et al.
(2018a). Briefly, samples were collected into either
plastic bottles (250 mL) (University of Portsmouth) or
amber screw top glass bottles (40 mL) containing sodi-
um thiosulphate solution (0.36% w/v, 0.25 mL) as pre-
servative (Affinity Water Ltd.). All samples were stored
at ~ 4 °C until analysis, undertaken within 14 days of
collection. Under these storage conditions, there was no
measurable loss of analyte. Metaldehyde was quantified
in the spot water samples (University of Portsmouth) by
liquid chromatography tandem mass spectrometry (LC-
MS/MS). The instrument (Agilent 1200RR LC system
coupled to an Agilent 6460 tandem mass spectrometer
(Agilent Technologies, Santa Clara, USA)) was
interfaced with an on-line solid-phase extraction system
containing aWaters Oasis®HLB cartridge. The method
limit of quantification (LoQ) was 10.0 ng L−1, defined
as three times the limit of detection. This procedure has
been described in full by Schumacher et al. (2016).
The Affinity Water Ltd. spot samples were analysed
in their nationally accredited (United Kingdom
Accreditation Service, UKAS) laboratory using a rou-
tine and validated electrospray ionisation LC-MS/MS
(Agilent 6490) method (ISO/IEC 17025:2005) for the
quantification of metaldehyde in water (Castle et al.
2018a). An on-line solid-phase extraction system con-
nected to the liquid chromatograph was used for sample
analysis. The mobile phase was a 0.1% acetic
acid:acetonitrile gradient. Samples were spiked with
internal standard (metaldehyde-d16, > 99 atom % deute-
rium) and sodium thiosulphate added before analysis.
The MS/MS was operated in the multiple reaction
mode, with the sodiated adduct ion for metaldehyde
monitored by the first quadrupole (Castle et al. 2018a).
LoQ was 9.0 ng L−1, defined as three times the limit of
detection.
Automated bottle sampling
A HACH portable automated bottle sampler (model
AS950, https://www.hach.com/as950-peristaltic-
samplers/portable-samplers/family?productCategoryId
=35547137070) was used to collect daily (sampler
triggered at 09.00 h each day) water samples (250 mL)
over the trial period as part of the Affinity Water Ltd.
routine monitoring programme. During the same work-
ing day, the water sample was removed and then
decanted into an amber screw top glass bottles (40
mL) containing sodium thiosulphate solution (0.36%
w/v, 0.25 mL). Samples were stored at ~ 4 °C (for up
to 14 days after collection) and analysed for metalde-
hyde by Affinity Water Ltd. using the analytical proce-
dure as described previously.
Chemcatcher® passive samplers
The preparation and processing of the Chemcatcher®
samplers has been described previously by Castle et al.
(2018b). Briefly, PTFE Atlantic design Chemcatcher®
bodies (Fig. S1) (AT Engineering, Tadley, UK) were
soaked overnight (5% Decon 90 solution) (Decon
Laboratories Ltd., Hove, UK), washed in water and
acetone and finally rinsed in water and dried. The re-
ceiving phase was a Horizon Atlantic™ hydrophilic-
lipophilic balanced (HLB-L) disk (47 mm diameter)
(Labmedics Ltd., Abingdon, UK) and activated by pass-
ing (under a gentle vacuum) HPLC grade methanol
(50 mL) then HPLC grade water (100 mL) through the
disk. In order to prevent the disks from drying out, after
activation, they were left in Milli-Q water. The overly-
ing PES diffusion membrane (Supor® 200, 0.2 μm pore
diameter; cut to 52 mm diameter disks) (Pall Europe
Ltd., Portsmouth, UK) was cleaned by soaking (12 h) in
methanol, washed in water and kept damp until use.
Devices were assembled by placing a HLB-L receiving
phase disk onto the sampler supporting base plate
followed by a PES membrane. Finally, the sampler
components were secured in place using the
Chemcatcher® retaining ring. Samplers were kept im-
mersed in Milli-Q water until use. Before field use, a
small quantity of water was added to the top well and the
sampler lid fitted and secured tightly.
Two devices were deployed (using a robust plastic
sheet, (Fig. S2), ensuring that the samplers remained
submerged) for consecutive periods of 2 weeks. A field
blank was exposed at deployment and retrieval. It was
then resealed and processed as for the field deployed
samplers. Earlier work in our laboratory showed that the
Chemcatcher® was in the time integrative (linear) up-
take mode for in excess of 2 weeks for metaldehyde,
thus allowing TWA concentrations to be calculated
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(Castle et al. 2018b). This also limited biofouling of the
PES membrane. After each field deployment, samplers
were sealed using the lid, transported to the laboratory in
a cool box and maintained at ~ 4 °C until analysed
(usually within 1 week).
Exposed Chemcatcher® samplers were dissembled,
and the HLB-L receiving phase disk dried (48 h at room
temperature) on methanol-rinsed aluminium foil. The
PES membranes were discarded. Each HLB-L disk
was eluted (methanol, 40 mL) using a glass extraction
funnel manifold (under gravity). The eluent was collect-
ed into glass vials (60 mL). In order to prevent losses of
metaldehyde, water (1 mL) was added to the vial to act
as a keeper). The solution was evaporated (~ 0.5 mL)
using a Genevac ‘Rocket’ centrifugal rotary evaporator
(Genevac Ltd., Ipswich, UK). Afterwards, the extract
was transferred to a vial (2 mL) and the volume adjusted
to 1 mL with methanol. Metaldehyde in these extracts
was analysed as for the spot water samples (University
of Portsmouth method) with the following modification.
The extract (100 μL) was added to a silanised glass
auto-sampler vial containing water (900 μL) and la-
belled internal standard solution (20 μL of metalde-
hyde-d16, 50 μg L
−1) and then analysed as previously.
The method LoQ was 0.45 ng L−1, defined as three
times the limit of detection. This LoQ is lower (~ 20)
than that achieved by the procedure used for the analysis
of the spot water samples. Effectively, over the 14-day
deployment period, the Chemcatcher® samples 224 mL
of water and therefore this accounts for the improved
LoQ.
The TWA concentration of metaldehyde measured
by the Chemcatcher® was calculated using Eq. 1.
Cw ¼ MS tð Þ−M 0
RS  t ð1Þ
where:
Cw = concentration (ng L
−1) of analyte in water.
MS(t) =mass (ng) of analyte in Chemcatcher® re-
ceiving phase disk after exposure time t (day).
M0 =mass (ng) of analyte in receiving phase disk of
Chemcatcher® field blank.
RS = sampler uptake rate of analyte (L day
−1).
In a previous laboratory calibration study, Rs was
determined as 16 mL day−1 (Castle et al. 2018b).
This uptake rate was measured at a water velocity of
~ 0.2 m s−1 over the face of the sampler bodies and a
water temperature of (5.0 ± 1.0 °C). These condi-
tions were selected as they correspond to the flow
velocity and water temperature of rivers in the UK
during the late autumn to winter months when met-
aldehyde is most likely to be present in impacted
catchments.
Monitoring in the plant at post-clarifier feed
Three different monitoring techniques (spot water
sampling, on-line GC/MS system and passive sam-
pling) were trialled in the post-clarifier feed of the
drinking water treatment plant coinciding with the
agriculturally application of metaldehyde in the river
catchment.
Spot water sampling
Two sets of spot water samples were collected by
University of Portsmouth (duplicate weekly samples
between 17th October and 14th November 2017) and
Affinity Water Ltd. (16 single samples collected be-
tween 20th October and 28th December 2017). The
collected spot samples of water were analysed for met-
aldehyde using the two analytical procedures as de-
scribed previously.
Chemcatcher® passive samplers
Chemcatcher® passive samplers were prepared as
above. Duplicate samplers were deployed (17th
October–14th November 2017) for consecutive periods
of either 7 days, 14 days or 28 days in a bespoke
stainless steel sink enclosure (AT Engineering, Tadley,
UK) (Fig. S3) capable of holding up to six devices on
two circular plates. Samplers were attached, using cable
ties, faced down to stainless steel plates. Water from the
post-clarifier feed of the drinking water treatment plant
was piped into the enclosure at a flow rate of ~
5.5 L min−1, and this allowed an upwelling of the water
that then overflowed to waste. This design permitted the
samplers to be continuously exposed to the test water
over the trial. The water temperature over the trial varied
between 11.0 and 13.5 °C. After each deployment peri-
od, samplers were removed and handled and analysed
for metaldehyde using the procedures as described pre-
viously. A blank device was exposed during each
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deployment and retrieval operation, and after resealing
was processed as for the exposed samplers in the tank.
On-line gas chromatography/mass spectrometry system
Since September 2016, an on-line GC/MS system has
been installed at the Affinity Water Ltd. drinking water
treatment plant. This bespoke system analyses three
different streams within the plant including the post-
clarifier feed. The system was installed so as to pro-
vide rapid, high-frequency data on the concentration of
metaldehyde in the water entering and leaving the
granular-activated carbon bed. The approach was to
take an existing validated and accredited laboratory-
based GC/MS method (Maury 2012) for the analysis
of metaldehyde and to transfer this into a robust,
dedicated on-line system at the drinking water treat-
ment plant. The GC/MS system comprised an Agilent
7890A gas chromatograph (fitted with a GERSTEL
cooled injection system) connected to an Agilent 7000
triple quadrupole mass spectrometer. Prior to analysis,
water samples were filtered (to reduce turbidity <
1 NTU) and passed through a controllable flow cell
(1 L min−1) (Ridgway 2014) (Fig. S4). Samples were
extracted using a GERSTEL MPS 2 XT dual head
device fitted with a pre-conditioned solid-phase car-
tridge (20 mg ISOLUTE® ENV+ sorbent, Biotage).
This hyper-crosslinked hydroxylated polystyrene-
divinylbenzene copolymer sorbent has a high surface
area and is highly retentive of polar analytes. The
water sample (7.5 mL) together with labelled metalde-
hyde-d16 internal standard (1 mL) was loaded onto the
cartridge and allowed to dry for 15 min using a
nitrogen flow. This ensured a high recovery of metal-
dehyde. After drying, the sample was eluted (into a
2-mL GC vial) using dichloromethane (400 μL) and
then injected (10 μL) directly onto the GC/MS instru-
ment. Metaldehyde was quantified using multiple re-
action monitoring. The limit of detection of the meth-
od was 3 ng L−1. Analysis of each stream took ap-
proximately 1 h. Quality control samples were extract-
ed and run daily to ensure satisfactory operating per-
formance. Data was transmitted telemetrically control
centre, but it was not linked directly to control plant
processes. The whole system was contained in a
purpose-built laboratory grade, air conditioned cabin
to maintain correct operating and environmental con-
ditions. Further details of the methods are provided
elsewhere (Davis et al. 2017).
Results and discussion
Comparison of monitoring methods at Mimmshall
Brook
The concentrations of metaldehyde in spot samples of
water and with the automated bottle sampler over the 4-
week trial are shown in Fig. 1 and Table 1. Metaldehyde
was quantifiable in all samples collected, and there were
frequent marginal exceedances of the European Union’s
DrinkingWater Directive limit of 100 ng L−1 for a single
pesticide (European Commission 1998). There was
agreement between the two monitoring methods with
the concentration of metaldehyde varying over the trial
between 51 and 137 ng L−1. There was evidence that
concentrations in the Brook changed on a sub-daily
basis, indicating highly sporadic inputs of the mollusci-
cide. Rainfall in the area over this period varied between
0 and 7 mm (Fig. 1). There was a slight association
between periods of higher rainfall in weeks 3 and 4 and
elevated concentrations of metaldehyde in the Brook.
Linking concentrations of metaldehyde found in surface
water to rainfall directly is problematic as there are
several additional influential factors that need to be
considered (Asfaw et al. 2018; Castle et al. 2017).
Factors include method and application rates of metal-
dehyde, croppage, field slope and drainage, soil type
and soil moisture deficit (Lu et al. 2017).
The TWA concentrations of metaldehyde measured
using the Chemcatcher® are given in Fig. 1 and Table 1.
Metaldehyde detected in exposed field blank devices
was below the LoQ (< 0.45 ng L−1). There was no visual
evidence of biofouling of the PES membrane over the
14-day deployments. The average TWA concentration
was higher during weeks 3–4 (131 ng L−1) compared
with weeks 1–2 (94 ng L−1). For the first deployment,
there was good agreement between the mean values and
the average TWA concentrations measured by the dif-
ferent monitoring methods (Table 1). There was less
agreement for the second deployment; however, the
average TWA concentration still fell within the range
(56–137 ng L−1) found with the University of
Portsmouth spot water sampling method. However,
there is no data on the variation of the concentration of
metaldehyde in the Brook during the periods when spot
samples of water were not collected. Overall, it can be
considered that both approaches gave similar results and
hence can be used effectively to monitor metaldehyde in
the aquatic environment. These findings agree with
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Castle et al. (2018a and 2018b) who also found that the
Chemcatcher® gave complementary data to that obtain-
ed using spot water sampling methods.
Monitoring in the plant at the post-clarifier feed
Comparison of on-line GC/MS with spot sampling
methods
Concentration data from the on-line GC/MS channel
was obtained at a frequency of approximately every
3 h (giving ~ 600 values) and this is plotted for the trial
period (17th October–31st December, 2017) in Fig. 2.
Over this period, there were no values below the limit of
detection (3 ng L−1). The novel on-line system was
capable of operating automatically over extended pe-
riods giving rugged and robust high-frequency informa-
tion on the variation of the concentration of metalde-
hyde. We are unaware of such an on-line system being
in operation at a plant elsewhere. Between the 3rd-10th
December, 2017, there was a sustained and elevated
concentration (peaking at ~ 500 ng L−1) of metaldehyde
that exceeded the European Union’s Drinking Water
Directive limit for all of this time period. This
Fig. 1 Concentration of
metaldehyde (ng L−1) at
Mimmshall Brook measured
(University of Portsmouth (●),
Affinity Water Ltd. (■) and
automated bottle sampler (▲)) in
spot samples of water, together
with time-weighted average
(TWA) concentrations measured
using the Chemcatcher® (_____)
between 17 October and 14 No-
vember, 2017. The line (∙∙∙∙∙∙∙)
shows the European Union’s
Drinking Water Directive limit of
100 ng L−1 for a single pesticide.
LoQ for spot samples of water
was 10 ng L−1 (University of
Portsmouth) and 9 ng L−1 (Affin-
ity Water Ltd.) and for the
Chemcatcher® extracts was
0.45 ng L−1. Local daily rainfall
(mm) was measured at the Envi-
ronment Agency weather station
(ID 276316TP)
Table 1 Mean concentration (± standard deviation) and range of
metaldehyde (ng L−1) at Mimmshall Brook measured (17
October–14 November, 2017) using two spot water sampling
procedures and automated bottle sampler and time-weighted av-
erage (TWA) concentrations measured by the Chemcatcher®. n =
number of samples
Monitoring method Weeks 1–2 Weeks 3–4
University of Portsmouth
spot water samples
88 ± 24
range = 51–122
n = 6
91 ± 29
range = 56–137
n = 6
Affinity Water Ltd. spot
water samples
107 ± 29
range = 66–131
n = 3
86 ± 26
range = 60–112
n = 2
Combined spot water samples 95 ± 28
range = 51–131
n = 9
89 ± 28
range = 57–137
n = 8
Automated bottle sampler 91 ± 18
range = 60–125
n = 15
89 ± 26
range = 53–135
n = 15
Combined spot water and
automated bottle sampler
samples
93 ± 22
range = 51–131
n = 24
84 ± 27
range = 53–137
n = 23
Chemcatcher® 1 93 147
Chemcatcher® 2 95 115
Chemcatcher® average 94 131
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concentration is at the limit for ‘total’ pesticides permis-
sible in drinking water under the above Directive. This
exceedance could have presented a potential risk to the
operability of the drinking water treatment plant if the
capacity of the granular activated carbon beds was in-
adequate to completely remove the continual high load
of metaldehyde. At present, the on-line GC/MS instru-
ment is not interfaced to a process control centre within
the drinking water treatment plant where decisions on
whether to continue to abstract from the source can be
made remotely. Once this capability is enabled, this will
represent a major change in the operability of the works,
so that additional water treatment is only required when
a pre-set trigger value is exceeded. This should help to
extend the lifetime of the granular activated carbon beds
and thereby reduce operational costs at the plant.
The concentrations of metaldehyde measured in 16
routine water samples collected during the trial period
are shown in Fig. 2. There was good agreement between
the two monitoring approaches, particularly considering
both use different analytical methods (GC/MS or LC/
MS) for determining metaldehyde. Fortunately, a spot
sample was taken that coincided with the peak concen-
tration of metaldehyde on 4th December, 2017, other-
wise this serious pollution event could easily have been
missed using this monitoring approach. This is a major
drawback of the use of infrequent spot water sampling.
As was found in the Mimmshall Brook study, there was
no direct link between rainfall and increased concentra-
tions ofmetaldehyde. Themajor exceedance occurred in
a dry period with rainfall not above 0.6 mm. By early
December, metaldehyde would have been applied agri-
culturally for the previous 4 months and this could have
led to a build-up of pellets on the land.
Comparison of Chemcatcher® with on-line GC/MS
and spot sampling methods
TWA concentrations of metaldehyde measured during
the different Chemcatcher® exposure periods together
with the values obtained using the on-line GC/MS and
spot sampling methods are shown in Fig. 3 and Table 2.
Over this more limited trial period, there were no
exceedances of the European Union’s Drinking Water
Directive limit. As indicated previously, there was good
agreement in the concentrationsmeasured in both sets of
spot water samples (Affinity Water Ltd. and University
of Portsmouth) and the on-line GC/MS system. The
mass of meta ldehyde de tec ted in exposed
Chemcatcher® blank samplers was less than the LoQ
(< 0.45 ng L−1). The PESmembrane showed little visual
evidence of biofouling over the varying deployment
periods. Generally, there was good agreement with the
TWA concentrations and the two other monitoring
Fig. 2 Concentration of
metaldehyde (ng L−1) measured
in the plant post clarifier feed with
spot samples of water (Affinity
Water Ltd. (■)) and the on-line
GC/MS system (− − −) between
17 October and 31 December,
2017. The line (∙∙∙∙∙∙∙) shows the
European Union’s Drinking Wa-
ter Directive limit of 100 ng L−1
for a single pesticide. LoQ for
spot samples of water was
9 ng L−1 (AffinityWater Ltd.) and
the limit of detection for the
on-line GC/MS system was
3 ng L−1. Local daily rainfall
(mm) was measured at the
Environment Agency weather
station (ID 276316TP)
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Table 2 Mean concentration (± standard deviation) and range of
metaldehyde (ng L−1) over the different Chemcatcher® exposure
periods in the plant post clarifier feed measured (17 October–14
November, 2017) using two spot sampling procedures and the on-
line GC/MS system, together with the time-weighted average
(TWA) concentrations found in the Chemcatcher® passive sam-
pler. n = number of samples
Monitoring method Week 1 Week 2 Week 3 Week 4 Week 1–2 Week 3–4 Week 1–4
University of Portsmouth
spot water samples
24 ± 4
range = 19–29
n = 4
28 ± 2
range = 25–32
n = 4
30 ± 2
range = 27–32
n = 4
61 ± 32
range = 28–97
n = 4
25 ± 4
range = 19–32
n = 6
51 ± 30
range = 27–97
n = 6
40 ± 27
range = 19–97
n = 10
Affinity Water Ltd. spot
water samples
39
n = 1
28
n = 1
21
n = 1
68 ± 26
range = 42–94
n = 2
34 ± 6
range = 28–39
n = 2
52 ± 31
range = 21–94
n = 3
45 ± 26
range = 21–94
n = 5
Combined spot water
samples
27 ± 7
range = 19–39
n = 5
28 ± 2
range = 25–32
n = 5
28 ± 4
range = 21–32
n = 5
64 ± 30
range = 28–97
n = 6
27 ± 6
range = 19–39
n = 8
51 ± 30
range = 21–97
n = 9
42 ± 27
range = 19–97
n = 15
On-line GC/MS 42 ± 12
range = 22–59
n = 30
38 ± 4
range = 30–48
n = 27
36 ± 10
range = 23–58
n = 29
52 ± 18
range = 32–99
n = 24
40 ± 9
range = 22–59
n = 56
43 ± 17
range = 23–99
n = 52
42 ± 14
range = 22–99
n = 107
Combined spot water and
GC/MS samples
39 ± 13
range = 19–59
n = 35
36 ± 5
range = 25–48
n = 32
35 ± 10
range = 21–58
n = 34
54 ± 22
range = 28–99
n = 30
38 ± 10
range = 19–59
n = 64
44 ± 20
range = 21–99
n = 61
42 ± 16
range = 19–99
n = 122
Chemcatcher® 1 78 43 31 52 41 54 58
Chemcatcher® 2 65 36 34 46 41 43 59
Chemcatcher® average 72 40 33 49 41 48 59
Fig. 3 Concentration of
metaldehyde (ng L−1) measured
in the plant post clarifier feed with
spot samples of water (University
of Portsmouth (●) and Affinity
Water Ltd. (■)) and the on-line
GC/MS system (−−), together
with time-weighted average
(TWA) concentrations measured
with the Chemcatcher® (____)
between 17 October and 14 No-
vember, 2017. The line (∙∙∙∙∙∙∙)
shows the European Union’s
Drinking Water Directive limit of
100 ng L−1 for a single pesticide.
LoQ for spot samples of water
was 10 ng L−1 (University of
Portsmouth) and for the
Chemcatcher® extracts was
0.45 ng L−1. The limit of detec-
tion for the on-line GC/MS sys-
tem was 3 ng L−1. Local daily
rainfall (mm) was measured at the
Environment Agency weather
station (ID 276316TP)
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methods. A higher TWA concentration (72 ng L−1) was
found in week 1 of the trial compared with the mean
value (39 ± 13 ng L−1) obtained using the other tech-
niques. The reason for this anomaly is unknown; how-
ever, a possible cause is that the PES membranes either
moved within the PTFE sampler body during their
preparation or storage or were damaged during this
deployment. These issues would lead to a greater se-
questration of metaldehyde similar to that observed
previously for acidic herbicides (Townsend et al.
2018). There was good agreement in the TWA concen-
tration obtained with each of the duplicate samplers for
all of the trial periods, showing the reproducibility of the
device. This is likely to be attributable to the
immobilised sorbent in the form of a disk used as the
receiving phase in the Chemcatcher® (Mills et al. 2014;
Castle et al. 2018b). This second evaluative trial of the
Chemcatcher® also shows how the device can provide
comparable data with that obtained using either infre-
quent spot water sampling or high-frequency on-line
monitoring methods.
Effect of variation of Chemcatcher® uptake rate
Since the concentration of metaldehyde in the post-
clarifier feed between 17 October and 14 November
2017 did not vary widely, the experiment provided an
opportunity to estimate in-situ Rs values. This was un-
dertaken by rearranging Eq. 1 and calculating the average
concentration of metaldehyde (Table 2) together with the
TWA concentration and the amount of metaldehyde se-
questered on the HLB-L disk during the different expo-
sure periods. The estimated in-situRs values are shown in
Table 3. Previously, using the Chemcatcher® in a semi-
static laboratory calibration experiment and an in-situ
field calibration, the Rs value for metaldehyde was deter-
mined as 15.7 mL day−1 (water temperature = 5 ± 1 °C)
and 17.8 mL day−1 (water temperature = 13–14 °C) re-
spectively (Castle et al. 2018b). Apart from our week 1
exposures in the post-clarifier feed, the Rs values obtain-
ed were in general agreement with those found in the
previous study. The best comparative Rs estimates (14–
27mL day−1) were found using the on-line GC/MSmean
water concentrations for metaldehyde (Table 3) as this
technique provided the highest number of data points.
Some of this variation may be attributed to both differ-
ences in water temperature and likely differences in the
water velocity over the face of the sampler bodies in the
different studies and exposure periods. A higher water
velocity would lead to greater turbulence, a reduced
diffusive boundary layer and hence a higher sampling
rate. Overall, this shows the robustness and reliability of
the Chemcatcher®, and that Rs values for this polar
pollutant did not vary widely with differing environmen-
tal conditions (Mutzner et al. 2018); this is in contrast to
the sequestration of non-polar contaminants (Huckins
et al. 2002). However, with the latter class of pollutants,
performance reference compounds can be used to accom-
modate changes in both water temperature and water
turbulence (Estoppey et al. 2016; Allan et al. 2009).
Use of performance reference compounds with samplers
designed to monitor polar chemicals has not shown to be
effective (Harman et al. 2012).
Conclusions
This paper has evaluated the suitability and reliability of
four different monitoring methods for the quantitative
measurement of metaldehyde. It has demonstrated some
of the challenges of monitoring polar pollutants that are
present in surface water only sporadically. Infrequent
spot and automated bottle sampling methods and their
associated analytical techniques have sufficient sensitiv-
ity (LoQ ~ 10 ng L−1) to detect metaldehyde in the
aquatic environment. Using infrequent spot sampling,
however, there is a high likelihood that regulatory
exceedances can be missed. Hence, there is a need to
continually blend with different supply sources less im-
pacted by metaldehyde to ensure compliance with the
current directives. The use of high frequency automated
bottle monitoring can be used as an alternative approach;
however, as we have shown, the concentration of metal-
dehyde can change on a sub-daily basis. Collecting, for
example, hourly samples would add significantly to lab-
oratory costs. With both off-line methods, there is also a
time delay in obtaining results back from the analytical
laboratory, and this will also impact on the operability of
the drinking water treatment plant.
Use of the on-line GC/MS overcomes all of the
limitations of these above techniques. The system can
yield high quality data on the concentration of metalde-
hyde with approximately a 1-h turn-a-round time. The
GC/MS measurements were reliable and in close agree-
ment with those obtained by spot sampling. The main
drawback of the monitoring method is high cost.
However, this initial investment can be off-set over time
by the reducing plant operating costs.
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Passive sampling provides another cost-effective
alternative for monitoring metaldehyde. Our field
trials have shown that the Chemcatcher® provides
TWA concentrations in broad agreement with both
the spot, bottle and on-line methods. There was little
variability in the estimated Rs value and, hence, this
gives credibility of using the sampler in routine
monitoring campaigns. A drawback is that passive
samplers cannot yield information on the peak or
maximum concentration that the sampler was ex-
posed to during the deployment. Furthermore, pas-
sive samplers cannot provide rapid data as they are
deployed typically for periods of 7–14 days.
However, passive samplers can be used on the catch-
ment scale to investigate sources and fluxes of this
problematic molluscicide, especially at sites where
water is being removed as a source for the produc-
tion of potable supplies. If samplers are deployed at
the intake of a drinking water treatment plant, they
can be used together with water flow to estimate the
mass loadings of a pollutant entering the works.
These estimates can be used to better determine the
operational lifetime of the granular activated carbon
beds. Passive samplers can also provide information
on the performance of remediation schemes (e.g. use
of ferric phosphate as an alternative molluscicide).
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